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Abstract
With improved screening methods, the numbers of abnormal breast lesions diagnosed in women have been increasing over time.
However, it remains unclear whether these breast lesions will develop into invasive cancers. To more effectively predict the
outcome of breast lesions and determine a more appropriate course of treatment, it is important to understand the underlying
mechanisms that regulate progression of non-invasive lesions to invasive breast cancers. A hallmark of invasive breast cancers is
the accumulation of fibroblasts. Fibroblast proliferation and activation in the mammary gland is in part regulated by the
Transforming Growth Factor beta1 pathway (TGF-β). In animal models, TGF-β suppression of CCL2 and CXCL1 chemokine
expression is associated with metastatic progression of mammary carcinomas. Here, we show that transgenic overexpression of
the Polyoma middle T viral antigen in the mouse mammary gland of C57BL/6 mice results in slow growing non-invasive lesions
that progress to invasive carcinomas in a stage dependent manner. Invasive carcinomas are associated with accumulation of
fibroblasts that show decreased TGF-β expression and high levels of CXCL1, but not CCL2. Using co-transplant models, we
show that decreased TGF-β signaling in fibroblasts contribute to mammary carcinoma progression through enhancement of
CXCL1/CXCR2 dependent mechanisms. Using cell culture models, we show that CXCL1 mediated mammary carcinoma cell
invasion through NF-κB, AKT, Stat3 and p42/44MAPK dependent mechanisms. These studies provide novel mechanistic
insight into the progression of pre-invasive lesions and identify new stromal biomarkers, with important prognostic implications.
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Introduction

Improved imaging approaches combined with core needle bi-
opsies have led to earlier detection of abnormal breast lesions in
women over time, with most lesions diagnosed as non-
cancerous [1–3]. Non-cancerous breast lesions are highly vari-
able, and include non-proliferative diseases such as breast cysts,
and proliferative diseases such as hyperplasia and intraductal
papilloma [4, 5]. Due to heterogeneity of breast disease, it

currently remains difficult to assess whether some lesions are
associated with breast cancers. Risk for breast cancers varies
among lesions; for example, typical hyperplasia carries a lower
risk than atypical hyperplasia [4–6]. Some high risk lesions also
exhibit features of ductal carcinoma in situ [7], or may be ac-
companied by breast carcinoma detected in subsequent surgery
[3, 8, 9]. As such, there is no uniform agreement on how to
manage early stage breast lesions [10, 11]. To more effectively
predict the outcome of breast lesions and determine appropriate
course of treatment, it is important to understand the underlying
molecular mechanisms that regulate progression of non-
invasive lesions to invasive breast cancers.

A hallmark of invasive breast cancers is the accumulation of
fibroblasts [12, 13]. Fibroblasts are a major cellular component
of the breast stroma, and exert profound effects on epithelial cell
growth and survival duringwound healing andmammary gland
development through secretion of growth factors, matrix pro-
teins and proteases [14, 15]. Fibroblast proliferation and
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activation in the mammary gland is in part regulated by the
Transforming Growth Factor beta1 pathway (TGF-β). TGF-β
signals through cell surface type I transmembrane receptors,
which heterodimerize with the type II receptors, leading to ac-
tivation of canonical Smad2/3/4 pathways and Smad indepen-
dent pathways including: Rho, p38MAPK and PI3 kinase.
These signaling pathways regulate the actin cytoskeleton and
gene expression of cell cycle regulators, cytokines matrix pro-
teins and proteases [16, 17]. The role of TGF-β signaling in
breast fibroblasts during breast cancer progression is complex.
Mice with stromal specific knockout of Tgfbr2 die prior to
8 weeks of age, and exhibit defects in mammary ductal mor-
phogenesis and increased fibrosis [18]. Fibroblasts isolated
from homozygous Tgfbr2 knockout mice (Tgfbr2FspKO) pro-
mote mammary tumor growth and invasion. These phenotypes
are associated with impairment of TGF-β signaling and in-
creased expression of chemokines [19–21].

Chemokines are small soluble molecules (8kda) in size that
formmolecular gradients to attract cells to sites of inflammation
[22, 23]. Chemokines are classified into C, C-C, C-X-C or
CX3C groups depending on the composition of a conserved
cysteine motif. While CXCL1 and CCL2 belong to different
chemokine subgroups, they both regulate angiogenesis and re-
cruitment of bonemarrow derived cells in acute chronic inflam-
mation [24–28]. CXCL1 and CCL2 signal to seven transmem-
brane spanning receptors expressed on the cell surface, which
activate G protein dependent and independent signaling path-
ways to regulate cell migration and differentiation. CXCL1
binds with highest affinity to CXCR2, while CCL2 binds pri-
marily to CCR2 [29, 30]. Studies have indicated an important
role for these chemokine signaling pathways in cancer. In ani-
mal models of melanoma and mammary carcinoma, CXCL1
regulates tumor growth and metastasis through recruitment of
CXCR2 expressing neutrophils and myeloid immune suppres-
sor cells to tumor tissues [31–33]. CXCL1 also signals to
CXCR2 expressing ovarian, lung and breast cancer cells to
enhance cell growth and motility [34–38]. In animal models
of prostate and mammary carcinoma, CCL2 enhances recruit-
ment of CCR2 expressing macrophages and neutrophils to pro-
mote tumor growth and metastasis [39–41]. CCL2 also signals
to CCR2 expressing prostate and breast cancer cells to enhance
survival and growth [42, 43]. These studies indicate multiple
roles for CXCL1/CXCR2 and CCL2/CCR2 signaling in can-
cer, which remain poorly understood.

In breast carcinomas, increased stromal CXCL1 and CCL2
expression in the stroma correlate with disease recurrence and
poor patient prognosis [44, 45]. In animal models, TGF-β sup-
pression of CCL2 and CXCL1 chemokine expression is asso-
ciated with metastatic progression of mammary carcinomas in
individual studies [20, 46]. The mechanisms that regulate the
progression of pre-invasive breast lesions to invasive breast
cancer have remained poorly understood. Here, we show that
transgenic overexpression of the Polyoma middle T viral

antigen in the mouse mammary gland of C57BL/6 mice results
in slow growing benign lesions that progress to invasive carci-
nomas in a stage dependent manner. Invasive carcinomas are
associatedwith accumulation of fibroblasts that show decreased
TGF-β expression and high levels of CXCL1, but not CCL2.
Using co-transplant models, we show that decreased TGF-β
signaling in fibroblasts contribute to mammary carcinoma pro-
gression through enhancement of CXCL1/CXCR2 dependent
mechanisms. Using cell culture models, we show that CXCL1
mediated mammary carcinoma cell invasion through NF-κB,
AKT, Stat3 and p42/44MAPK dependent mechanisms. These
studies provide novel mechanistic insight into the progression
of pre-invasive lesions and identify new stromal biomarkers,
with important prognostic implications.

Materials and Methods

Maintenance of Transgenic Mice

MMTV-PyVmT (C57BL/6 N) mice were obtained from Dr.
Harold L. Moses (Vanderbilt University). PyVmT positive ani-
mals were generated by crossing PyVmT positive males with
Wildtype (WT) females. Animals were genotyped for the
PyVmT gene as described [47]. C57BL/6 N female mice (8–
10) weeks of age were purchased from Envigo. Animals were
maintained under an approved IACUC protocol at the University
of Kansas Medical Center under AALAAC accredited facilities.

Cell Culture

All cell lines were cultured in DMEM/10% FBS unless other-
wise specified. Raw264.7 cells (cat no. TIB-71), 4 T1 (cat no.
CRL-2539) and NMuMG (cat no. CRL-1636) mammary epi-
thelial cells were obtained from American Type Culture
Collection. Immortalized lung microvascular endothelial cells
[48] were kindly provided by Dana Brantley-Sieders
(Vanderbilt University, Nashville, TN) and cultured in EGM-2
Bullet Kit media (cat no. CC-3162 Lonza). Tgfbr2FspKO fibro-
blasts were isolated and characterized as reported [19]. Normal
mammary fibroblasts (NAFs) were isolated from tumor free
C57BL/6 female mice 19 weeks old. Carcinoma associated
fibroblasts (P-CAFs) were isolated from 29-week-old
MMTV-PyVmT (C57BL/6) female mice, which formed inva-
sive carcinomas characterized by extensive fibrosis as deter-
mined by H&E stain. Mammary epithelial cells (144epi) were
isolated from mammary tissues of 15-week-old MMTV-
PyVmT female mice (C57BL/6), in which mammary lesions
showed accumulation of stroma and appearance of few invasive
carcinoma cells. NAFs, P-CAFs, and 144epi cells were isolated
and cultured using methods described previously [49]. Briefly,
tissues were minced with surgical scissors, and digested over-
night on ice in 10ml of PBS containing: 5mg/ml collagenase A
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(Sigma-Aldrich, cat no. 234153-1GM), 2 mg/ml trypsin
(Sigma-Aldrich cat no. T3924-100ml),1000 units/ml hyaluron-
idase (Sigma-Aldrich cat no. H3884), 4 mg/ml DNAse (Sigma-
Aldrich cat no. D5025). Cells were pelleted at 1000 g for 5 min
at 4 °C and washed with PBS/10% FBS 3 times, and plated on
10 cm dishes coated with rat tail collagen I (Fisher Scientific,
cat no. CB 40236) in DMEM/10% FBS. To coat plates with
collagen, 1 ml of 1.5 mg/ml collagen was diluted in 39 ml of
0.02 N acetic acid. Plates were incubated with 5 ml of collagen
working solution at room temperature for a minimum for
10 min, and excess collagen was aspirated. After 24 h, fibro-
blasts were separated from epithelial cells through differential
trypsinization. Cells were incubatedwith 2ml of 0.25% trypsin/
0.54 mM EDTA at room temperature for approximately 2 min,
fibroblasts were transferred to a 15ml conical tube, quenched in
DMEM/10% FBS, and pelleted. The remaining mammary ep-
ithelial cells were trypsinized at 37 °C for an additional 5 min,
quenched in DMEM/10% FBS and pelleted. Fibroblasts and
epithelial cells were plated on 10 cm dishes coated with rat tail
collagen I in DMEM/10% FBS. All cell lines were maintained
in culture no longer than 3 months at a time. Cells were tested
after each freeze/thaw using the MyCoAlert Mycoplasm
Detection kit (Lonza cat no LT07).

Immunocytochemistry

Cells were seeded in a 96 well plate at 10,000/well in growth
media. After 24 h, cells were fixed in 10% neutral formalin
buffer (NBF) for an additional 24 h, permeabilized with meth-
anol for 10 min at -20 °C. For primary incubation with mouse
monoclonal antibodies, cells were blocked in PBS containing
3.4% mouse FAB fragment for (Jackson Laboratory cat no.
715001003) for 1 h. For all other antibodies, cells were
blocked in PBS containing 3% FBS. Cells were incubated
with primary antibodies at a 1: 3 dilution to Fibroblast
Specific Protein 1 (Fsp1) (Abcam cat no. ab75550), or at a
1:100 dilution to: pan-cytokeratin (Santa Cruz Biotechnology
cat no. sc 8018), α-smooth muscle actin (α-sma) (Abcam cat
no. 7187), N-cadherin (Santa Cruz Biotechnology cat no.
7339) or Von Willebrand Factor 8 (VWF8, Millipore cat no.
Ab7356). Pan-cytokeratin and α-sma were detected with sec-
ondary anti-mouse-hrp at 1:500 dilution for 2 h in PBS/3%
FBS and incubation with 3,3′-diaminobenzidine substrate
(DAB, Vector Laboratories cat no. SK-4100). FSP1, N-
cadherin and VWF8 were detected with secondary anti-
rabbit-hrp at a 1:500 dilution and DAB substrate. Cells were
counterstained with Mayer’s hematoxylin for 2 min. Images
were captured using the EVOS FL Auto Imaging system.

Lentiviral Transduction

For stable mCherry expression in cells, pSicoR-Ef1a-
mCherry-Puro vectors [50] were obtained from Addgene

(cat no. 31845). To generate lentivirus, 10 μg target vectors
were co-transfected with 3 μg PMD2G (Addgene cat
no.12260) and 6 μg PDPAX2 (Addgene cat no.12259) in
HEK 293 T cells using Lipofectamine 2000 (ThermoFisher
cat no. 11668027). Lentivirus conditioned medium was re-
moved 48 h after transfection and used to transduce fibroblasts
two times. Transduced cells were sorted for mCherry expres-
sion by fluorescence activated cell sorting (FACS).

Soft Agar Colony Formation Assay

Colony formation assays were performed using previously re-
ported procedures [51]. Briefly, 6 well plates were coated with
1.5 ml/well of solution containing 0.5% agar in DMEM/10%
FBS, and allowed to solidify for 30 min at room temperature.
5000 cells were resuspended in 0.75 ml 2X DMEM/20% FBS,
mixed with 0.75 ml 0.6% agarose, and then plated on top of the
base agar layer, and allowed to solidify at 30 min at room tem-
perature. 250 μl DMEM/10% FBS or fibroblast conditioned
medium was added on top of the agar-cell layer. Plates were
incubated for 14 days at 37 °C based on growth of 4 T1 mam-
mary carcinoma cells, a positive control. Media was replaced
twice a week. Colonies were then stained for 24 h with 200 μl
of 1 mg/ml nitroblue tetrazolium chloride solution (Sigma cat
no. N6876) at 37 °C, and imaged using a dissecting microscope
with an OMAX 18.0MP digital camera attachment. 4 fields/well
were captured to cover the whole well. Colonies were counted
using Image J software. To generate fibroblast conditioned me-
dium, 500,000 fibroblasts were seeded overnight in a 10 cm
dish. Cells were incubated with 5 ml of DMEM/10% FBS for
24 h. Medium was collected and used for soft agar assays.

Mammary Transplantation

Wildtype female C57BL/6NHsd mice, 6–8 weeks of age were
obtained from Envigo (stock no. 044). Co-transplantation of
mammary fibroblasts with 144epi cells were performed using
methods previously described [49]. Briefly, 250,000 fibro-
blasts were embedded with or without 100,000 carcinoma
cells in 50μl of type I collagen overnight. C57BL/6micewere
anesthetized using 2% isoflurane. A Y incision was made in
the abdomen to expose the left and right inguinal mammary
glands. Using spring scissors, a 1–2 mm pocket was made in
intact mammary fat pads, under the lymph node. Using a glass
pipet, one collagen plug containing cells was inserted into the
pocket in the left and right mammary glands. Wounds were
closed using gut absorbable sutures. Animals were monitored
and palpated twice weekly for tumor formation. Tumors were
measured by caliper. Mice were sacrificed 60 days post-trans-
plantation, when control tumors reached 1.5 mm in diameter,
the maximum allowable size under IACUC guidelines.
Animals were maintained under an approved IACUC protocol
in AALAAC accredited facilities.
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shRNA Knockdown

pSM2c retroviral shRNA vectors were developed by the lab-
oratory of Greg Hannon [52], and obtained from Open
Biosystems (now part of GE Healthsystems). The CXCR2
shRNA sequences for F-6 are 5’-CAGTGTACTTACAT
ATAAT-3′ and for G-1: 5′ GTAACATTTGAAATGTAA-3.′
The eGFP control shRNA sequence is 5’ GCTGACCC
TGAAGTTCATC-3.’ Plasmids were transfected into
Phoenix cells by Lipofectamine 2000 (Invitrogen, Carlsbad,
CA). 48 h after transfection, media was collected and used to
treat 144epi cells in the presence of 5 μg/ml polybrene. 144epi
cells were subject to three rounds of transduction before se-
lection with 1.5 μg/ml puromycin.

Flow Cytometry

500,000 cells were seeded in 10 cm dishes overnight. Cells
were detached by 3 mM EDTA, washed in DMEM/10% FBS
and fixed in 10% neutral formalin buffer. Cells were perme-
abilized in Triton X-100 at 37 °C for 10 min, and incubated at
a 1:100 dilution of anti-CXCR2 (Abcam cat no.14935) for 1 h.
Cells were washed in PBS 3 times and incubated with goat
anti-Rabbit-Alexa-Fluor-488 (Invitrogen cat no.A11008) for
1 h. Samples were read using an LSRII Flow Cytometer and
normalized to unstained and secondary antibody only
controls.

Histology/Immunohistochemistry/
Immunofluorescence

Tissues were fixed in 10% neutral formalin buffer for 24 h and
processed for paraffin embedding as described [53]. For H&E
stain, slides were incubated in Mayer’s hematoxylin for 1 min
and eosin for 2 min prior to dehydration and mounting in
Cytoseal.

For DAB immunostaining, slides were subject to antigen
retrieval by heating under low pressure for 2 min in 1 M urea
for CCL2, or 10 mM Sodium Citrate pH 6.0 for all other
antigens. Endogenous peroxidases were quenched by incuba-
tion in PBS buffer containing 20% methanol/3% H202. Slides
were blocked in PBS/3% FBS and then incubated overnight in
blocking buffer with primary antibodies at a 1:100 to: Ki67
(Santa Cruz Biotechnology cat no. sc 1307), cleaved caspase-
3 (Cell Signaling Technology, cat no. 9579), α-sma (Spring
Biosciences cat no. M4712), F4/80, Gr-1 (RnD Systems, cat
no. mab1037), VWF8, CD45 (Biolegend cat no. 103101),
CXCL1 (Santa Cruz Biotechnology cat no. 16961), CCL2
(Santa Cruz Biotechnology cat no.1784), CXCR2 (Abcam
cat no. 14935), CCR2 (Santa Cruz Biotechnology cat no.
300393). For detection of Ki67, α-sma, cleaved caspase-3,
VWF8, CXCR2 or CCR2, slides were incubated with second-
ary rabbit biotinylated antibodies at a 1:1000 dilution for 2 h.

To detect Gr-1 and F4/80, slides were incubated with rat-
biotinylated secondary antibodies at a 1:1000 dilution for
2 h. To detect CCL2 or CXCL1, slides were incubated with
secondary anti-goat biotinylated antibodies at a 1:1000 dilu-
tion. Secondary antibodies were bound to streptavidin-perox-
idase, and incubated with DAB substrate. Slides were coun-
terstained in Mayer’s hematoxylin for 1 min, dehydrated and.
Mounted with Cytoseal. 5 images per slide per sample were
captured at 10 x magnification using an FL Auto Imaging
System (Invitrogen). Immunostaining was quantified by
Image J using methods previously described [53].

For immunofluorescence, slides were subject to antigen
retrieval in 10 mM sodium citrate pH 6.0, blocked for 1 h in
PBS containing 3% FBS or 3.4% mouse FAB fragment for
(Jackson Laboratory cat no. 715001003) and incubated with
primary antibodies at a 1:50 to CK5/6 (Cell Marque, cat no.
356 M-14) or p63 (Boster, cat no. P2056) and α-sma. α-sma
was detected with goat anti-rabbit-AlexaFluor488 diluted
1:250 (Invitrogen cat no. A-11034). p63 was detected with
donkey anti-mouse-AlexaFluor568 diluted 1:250 (Invitrogen
cat no. A10037). CK5/6 was detected with goat anti-mouse-
AlexaFluor488 diluted 1:250 (Invitrogen cat no. A11001). For
co-staining of mCherry and α-sma, sections were blocked
with PBS/3.4% mouse FAB, incubated with anti-mCherry
(Rockland cat no. 600–404-P16) diluted 1:500, and anti-α-
sma (Abcam cat no. 7187), diluted 1:100 for 24 h. mCherry
was detected with goat anti-rabbit-AlexaFluor647 (Invitrogen
cat no. A-21244) diluted 1:250. α-sma was detected with goat
anti-rabbit-AlexaFluor488 diluted 1:250. After a 2 h incuba-
tion in the dark, slides were washed with PBS three times and
counterstained with 4,6-Diamidino-2-phenylindole (DAPI),
and mounted with 1:1 PBS: glycerol.

Scoring for Tumor Invasion

To quantify the extent of tumor invasion into the mammary fat
pad, three serial sections per slide were stained by H&E.
Using a numerical scoring system, tissues were scored in a
blinded fashion. 0 indicated a non-invasive phenotype, with
papillary structures, ductal hyperplasia or DCIS. Little to no
stromal reactivity was observed. 1 (lowly invasive) indicated
the presence of a few invasive carcinoma cells. Increased stro-
mal reactivity was observed. 2 (highly invasive) indicated the
absence of papillary structures and the presence of invasive
carcinoma with stromal reactivity.

siRNA Transfection

30,000 cells were seeded per well in a 24 well plate for 24 h.
For each well, 24 pmol control siRNAs or siRNAs targeting
CXCL1 (Santa Cruz Biotechnology) were complexed to 2.4
ul lipofectamine 2000 (Invitrogen) in 100 ul Opti-MEM me-
dium for 20 min at room temperature. Cells were incubated in
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400 ul Opti-MEM with the siRNA/lipofectamine complexes
for 24 h, and recovered in Opti-MEM/10% medium for an
additional 24 h. Silencer® Negative Control #2 siRNA was
obtained from Ambion (cat no. AM4613). 2 different CXCL1
siRNAs were generated through Ambion. CXCL1 si1 (sense):
5’-GGACUUGUUACAAAUGAAGUtt-3′, CXCL1 si2
(sense) 5’-GGGUCGUAUUUAUUUAUGUtt-3′.

Elisa

30,000 cells were seeded per well in a 24 well plate for 24 h.
To generate conditionedmedium, cells were washedwith PBS
and incubated with 500 μl of serum free medium DMEM in
the presence or absence of 10 ng/ml TGF-β1 (Peprotech cat
no. 11021) for 24 h.Media was assayed by ELISA for CXCL1
(Peprotech cat no. 250–11), CCL2 (Peprotech cat no. 250–10)
or TGF-β (RnD Systems cat no. DY1679). Reactions were
read at OD450nM using a Biotek plate reader.

Invasion Assay

Invasion assays were adapted from previous studies [54].
Briefly, transwells (8 μm pores) were coated with Growth
Factor Reduced Matrigel (BD Pharmingen, cat no 356230),
diluted ¼ in PBS for 30 min at 37 °C. 144epi cells were serum
starved for 24 h. 75,00 cells then seeded on top of Matrigel
coated transwells in the presence or absence of: 60 ng/
mLCXCL1 (Peprotech cat no. 250–11), 5 μM Bay11–7085
(Enzo Life Sciences cat no. 196309–76), 1 μM U0126 (Cell
Signaling Technology cat no. 9903), 0.28 μM MK2206
(Selleck Chemicals cat no. S1078) or 1 mM Stat3 peptide
inhibitors (Calbiochem cat no. 573096). Transwells were in-
cubated at 37 °C for 24 h. The cells were fixed in 10% neutral
formalin buffer for 10min and stained with 0.1% crystal violet
for 5 min. Cells on the topside of the filter were removed by
cotton swab. The transwell filter was removed and mounted
on glass slides in aqua-based mounting medium. Brightfield
images of crystal violet stained cells were captured at 20 x
magnification, 4 fields per well using an EVOS FL Auto
Imaging System (Invitrogen). Quantitation of tumor cells
was determined by measuring pixel density of using Image J
(NIH) software (arbitrary units). For co-culture experiments,
100,000 fibroblasts were seeded on the underside of the
Matrigel coated transwells. CMTMR-labeled tumor cells
(75000) were then seeded on top in DMEM/10% FBS and
incubated for 24 h. The cells were fixed in 10% neutral for-
malin buffer for 10min. Tumor cells on the topside of the filter
were removed by cotton swab. The transwell filter was re-
moved and mounted on glass slides in aqua-based mounting
medium. Invaded tumor cells were visualized by fluorescence
microscopy and imaged at 20 x magnification, four fields per
sample.

Immunoblot

Cells were seeded in 6 well plates at 250,000/well for 24 h,
serum starved for 24 h, and stimulated with 60 ng/ml mouse
recombinant CXCL1 (RnD Systems) for up to 24 h. Cells
were lysed in RIPA buffer containing protease inhibitors
(Sigma cat no. P8340) and 10 μM sodium orthovanadate
and sonicated. 50 μg protein were resolved on 10% SDS-
PAGE and transferred to nitrocellulose membranes. Blots
were blocked in PBS containing 0.05% Tween-20 (PBS-T)
containing 3% dry milk for 1 h and immunoblotted with pri-
mary antibodies at a 1:1000 overnight in PBS-T/3% BSA.
With the exception of FAK, antibodies were obtained from
Cell Signaling Technology: phospho-Src (Tyr416 cat no.
6943), Src (cat no. 2123), phospho-FAK (Tyr397 cat
no.8856), FAK (Santa Cruz Biotechnology, cat no. sc558),
phospho-p38MAPK (Thr180/Tyr182, cat no. 4511),
p38MAPK (cat no. 9212), phospho-IκB (Ser32/36, cat no.
9246), IκB (cat no. 2678), phospho-p42/44MAPK (Thr202/
Tyr204, cat no. 9101), p42/44MAPK (cat no. 9102), phospho-
AKT (Ser473, cat no. 4060), AKT (cat no. 2965), phospho-
Stat3 (Tyr705, cat no. 9145), Stat3 (cat no. 9132).
Immunoblots were washed in PBS-T 3 times for 10 min each
and incubated with secondary anti-rabbit conjugated to horse
radish peroxidase at a 1:1000 dilution in PBS-T/3% milk for
2 h. Reactions were catalyzed with West Femto ECL
substrate.

Statistical Analysis

Data were analyzed using Graphpad Prism software using
Student’s Two Tailed Tests for 2 groups and One Way
ANOVA with Bonferroni’s post-hoc comparison for more
than 2 groups. In vitro experiments were conducted with trip-
licate samples, and performed a minimum of 3 times. *p <
0.05, **p < 0.01, ***p < 0.001, ns = not significant. Data are
presented as Mean ± SEM.

Results

Carcinoma Associated Fibroblasts Enhance
Progression of In Situ Mammary Lesions
to Invasiveness

MMTV-PyVmT mice have been a reliable model for breast
cancer progression. MMTV-PyVmT mice bred on an FVB
genetic background form in situ lesions between 4 and 6weeks
of age that quickly progress to multi-focal invasive adenocar-
cinomas by 10 weeks of age [55–57]. C57BL/6 mice are more
resistant to tumor formation [58, 59]; however mammary tu-
mor development on this background has not been fully char-
acterized. When MMTV- PyVmT mice were bred onto the

J Mammary Gland Biol Neoplasia (2018) 23:249–267 253



C57BL/6 background, these mice formed benign mammary
lesions between 7 and 11 weeks of age, with a papillary archi-
tecture, as confirmed by a clinical breast pathologist. The
mammary lesions were characterized by non-invasive fern-
like structures with cysts and few fibroblasts (Fig. 1A).
Between 13 and 18 weeks of age, lesions were characterized
by increased numbers of fibroblasts, and presence of invasive
carcinoma cells in the surrounding stroma. Myoepithelial cells
were distinguished from stromal derived fibroblasts by over-
lapping expression of p63 and α-sma; fibroblasts expressed
α-sma only (Supplemental Fig. 1). Epithelial CK5/6 expres-
sion in MMTV-PyVmT lesions were characteristic of
cytokeratin expression patterns detected in papillary lesions
[60, 61]. By 29 weeks of age, lesions had progressed to inva-
sive carcinomas with extensive fibrosis (Fig. 1A). These data
indicate that transgenic overexpression of MMTV-PyVmTon
the C57BL/6 background results in slow growing mammary
lesions that progress to invasive carcinomas, correlating with
accumulation of fibroblasts.

We analyzed the role of fibroblasts on progression of in situ
lesions in co-transplant studies. Fibroblasts were isolated from
normal mammary tissues (NAFs), or from 29-week-old
MMTV-PyVmT mice (P-CAFs), which formed invasive
mammary tumors. Mammary epithelial cells (144epi) were
isolated from mammary tissues of 15-week-old mice, at early
stage invasion. 144epi cells were orthotopically transplanted
alone, or embedded in NAFs or P-CAFs in collagen and
transplanted directly into the mammary fat pad. Because
breast cancers tend to develop in adult women, past the age
of 55 [62], we transplanted cells directly into uncleared mam-
mary fat pads of adult mice. Using this approach, we had
previously demonstrated that donor fibroblasts enhanced
mammary tumor growth compared to carcinoma cells
transplanted alone in adult mice [49].

Mice were monitored for tumor formation on a twice week-
ly basis, until 60 days post-transplantation, when tumors
reached approximately 1.5 cm in diameter, the maximum al-
lowable tumor size allowed by the institutional animal review

Fig. 1 P-CAFs enhance progression of 144epi mammary carcinoma
cells. A. H&E stain of mammary lesions from PyVmT/C57BL/6 mice.
N = 12 for mice 7–11 weeks, n = 13 for mice 12–19 weeks old and n = 12
for mice 25–29 weeks old. Magnified inset shows level of fibroblastic
stroma. B-D. 144epi mammary epithelial cells were transplanted alone,
with NAF or P-CAFs for 60 days. Mammary tissues were measured for
tumormass (B), Ki67 immunostaining (C) andH&E stain (D). Magnified

inset in (D) shows mammary carcinoma cells. Arrowhead points to inva-
sive carcinoma cells. Statistical analysis was performed using One Way
ANOVA with Bonferroni post-hoc comparison. Statistical significance
was determined by p < 0.05. *p < 0.05, **p < 0.01. Scale bar = 200 μm.
n = 8 for 144epi alone, n = 9 for 144epi: NAF, n = 8 for 144epi: P-CAF.
Mean ± SEM are shown

254 J Mammary Gland Biol Neoplasia (2018) 23:249–267



board. Mammary tissues were harvested and analyzed for
changes in growth and invasiveness of lesions. Compared to
144 epi cells grafted alone, 144 epi cells co-grafted with NAFs
resulted in a small but not statistically significant increase in
tumor mass and tumor cell proliferation, as indicated by Ki67
immunostaining (Fig. 1B-C). Compared to co-grafting with
NAFs, co-grafting with P-CAFs significantly increased tumor
mass from an average of 0.32 g to 0.89 g, and enhanced tumor
cell proliferation by 1.9-fold (Fig. 1B-C). By H&E stain, at
60 days (8 weeks), 144epi cells grafted alone formed non-
invasive lesions like those seen in transgenic mice 7–11 weeks
old, with slender frond-like structures and low stromal reac-
tivity. Compared to 144 epi grafted alone, 144epi grafted with
NAFs formed thicker frond-like structures, with a few inva-
sive carcinoma cells, resembling transgenic lesions from mice
12–19 weeks old (Fig. 1D). Co-grafting with P-CAFs resulted
in invasive carcinoma characterized by loss of papillary struc-
ture and extensive stromal reactivity, resembling lesions from
transgenic mice 25–29weeks old (Fig. 1D). In blinded scoring
of H&E stains, co-transplantation with NAFs resulted in a few
lowly and highly invasive lesions. Co-transplantation with P-
CAFs significantly increased the number of highly invasive
lesions compared to grafting with 144epi alone or 144epi with
NAFs (Table 1). These data indicate that P-CAFs enhance
progression of 144epi lesions over NAFs co-grafted with
144epi cells or 144epi cells transplanted alone.

As analysis of H&E stains indicated changes in stromal
reactivity with co-grafting of 144epi cells with P-CAFs, pri-
mary tumor tissues further analyzed for changes in immune
cell recruitment and tumor and angiogenesis. Tissues were
immunostained for F4/80, a macrophage marker, Gr-1, a neu-
trophil marker, CD45, a lymphocyte marker, and VWF8, an
endothelial marker [63–66], and expression levels were quan-
tified. 144epi cells co-grafted with P-CAFs showed a 1.6-fold
increased expression of Gr-1 compared to 144epi co-grafted
with NAFs (Fig. 2A). Compared to 144epi cells grafted alone,
F4/80 expression was increased in lesions co-grafted with
NAFs by 1.4-fold, and in lesions co-grafted with P-CAFs by
1.9-fold (Fig. 2B). There were no significant differences in

CD45 or VWF8 expression among groups (Fig. 2C-D).
These data indicate that NAFs and P-CAFs enhance recruit-
ment of F4/80+ cells and only P-CAFs enhance recruitment of
Gr-1+ cells.

Mammary Lesions Show Increased Expression
of CXCL1 and CXCR2 over CCL2 and CCR2

Previous studies have demonstrated that progression of inva-
sive ductal carcinomas is associated with increased expression
of CCL2 and CXCL1 chemokines and decreased expression
of TGF-β in stromal derived fibroblasts [20, 44]. By ELISA
analysis, CXCL1 was more highly expressed in P-CAFs than
CCL2 and P-CAFs showed elevated levels of CXCL1 com-
pared to NAFs (Fig. 3A). Furthermore, elevated CXCL1
levels corresponded to decreased expression of TGF-β in P-
CAFs (Fig. 3B). TGF-β treatment of P-CAFs decreased
CXCL1 expression (Fig. 3C). These data indicate that P-
CAFs elevate CXCL1 expression, which is negatively regu-
lated by TGF-β signaling. By immunostaining, CCL2 was
lowly expressed in the stroma and its primary receptor,
CCR2 was expressed weakly in the mammary tumor epithe-
lium. CXCL1 appeared strongly expressed in the stroma, and
its primary receptor, CXCR2 was strongly expressed in the
tumor epithelium (Fig. 4). Overall, CXCL1 and CXCR2 were
strongly expressed in mammary tumor tissues.

CXCR2 Knockdown Inhibits Invasive Progression
of Mammary Lesions Mediated by TGF-β Signaling
Deficient Fibroblasts

We determined the possibility that CXCL1 may signal to
CXCR2+ epithelial cells to regulate progression of in situ
lesions. CXCR2 was knocked down in 144epi mammary ep-
ithelial cells by stable shRNA expression to generate 2 differ-
ent CXCR2 deficient cell lines (F-6, G-1). By flow cytometry
CXCR2 was reduced in F-6 cells by 4.3-fold, and 4.7-fold in
G-1 cells, relative to control shRNA expressing cells
(Fig. 5A). As CXCR2 knockdown decreased CXCL1 expres-
sion in F-6 cells by 1.3-fold and in G-1 cells 3-fold (Fig. 5B),
CXCR2 knockdown alone could affect progression of 144epi
lesions through decreased autocrine CXCR2 signaling. To
determine this possibility, we orthotopically transplanted
144epi cells expressing control or CXCR2 shRNAs (F-6, G-
1) in C57BL/6 mice. At 60 days, F-6 and G-1 144epi cells
grafted alone did not show significant changes to tumor
growth, invasion or recruitment of Gr-1+ cells, compared to
control 144epi cells, (Supplemental Fig. 2). These data indi-
cate that autocrine CXCR2 signaling in 144epi cells was not
sufficient for invasive progression.

Given that P-CAFs show elevated CXCL1 expression,
which is negatively regulated by TGF-β signaling, we deter-
mined the relevance of stromal derived TGF-β to CXCL1/

Table 1 P-CAFs fibroblasts co-grafted with 144epi mammary car-
cinoma cells promotes tumor invasion. 144epi cells were transplanted
alone, or with NAFs or P-CAFs for 60 days. Tumor samples stained by
H&E were scored for invasiveness. Statistical analysis was performed by
Chi-square test for trend. Statistical significance was determined by p <
0.05. p < 0.0001. n = 8 for 144epi alone, n = 9 for 144epi: NAF, n = 8 for
144epi: P-CAF

Groups non-
invasive

lowly-
invasive

highly invasive

Alone 8 0 0

NAF 5 2 2

P-CAF 1 1 6
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CXCR2 signaling in in situ mammary PyVmT lesions.
TGF-β signaling deficient fibroblasts (Tgfbr2FspKO) showed
elevated CXCL1 expression [19, 44]. These cells were used as
a model to determine how elevated CXCL1 expression and
down-regulation of TGF-β signaling in stroma would affect
progression of in situ lesions. At 60 days, Tgbr2FspKO fibro-
blasts co-grafted with parental 144epi cells resulted in inva-
sive lesions similar to co-transplants with P-CAFs (Fig. 5C,
Table 2). To determine the relevance of paracrine CXCR2
signaling to progression of in situ mammary lesions,
Tgfbr2FspKO fibroblasts were co-grafted with control or
CXCR2 deficient 144epi cells (F-6, G-1). Compared to con-
trol shRNA expressing 144epi cells, CXCR2 knockdown in
144epi cells resulted in fewer cases of invasive lesions, but did
not significantly affect tumor growth or cell proliferation me-
diated by Tgfbr2FspKO fibroblasts (Fig. 5C-E, Table 2).
Compared to control shRNA expressing 144epi cells,
CXCR2 knockdown also inhibited recruitment of Gr1+ cells
mediated by Tgfbr2FspKO fibroblasts by 3.6-fold with F-6 cells
and 3.45-fold with G-1 cells (Fig. 5F). Compared to control
shRNA expressing 144epi cells, CXCR2 knockdown in
144epi cells did not affect recruitment of F4/80+ cells medi-
ated by Tgfbr2FspKO fibroblasts (Supplemental Fig. 3). These
data indicate that CXCR2 expression is required for progres-
sion of 144epi cells mediated by Tgfbr2FspKO fibroblasts.

Oncogenic Potential of Mouse Mammary Fibroblasts

Our data indicated that P-CAFs and Tgfbr2FspKO fibroblasts
co-grafted with 144epi mammary epithelial cells enhance
mammary tumor progression compared to 144epi mammary
epithelial cells grafted alone or co-grafted with NAFs.
However, it was unclear whether the fibroblasts themselves
were tumorigenic and if they could affect normal or benign
mammary epithelial cells. Therefore, we determined the
purity of the fibroblast cell lines used in this study.
Immunocytochemistry staining indicated that NAFs, P-
CAFs and Tgfbr2FspKO fibroblasts expressed FSP1, α-sma
and N-cadherin (Supplemental Fig. 4), mesenchymal
markers typically expressed in fibroblasts [67–69].
Expression of FSP1 and N-cadherin appeared slightly
weaker in Tgfbr2FspKO fibroblasts, possibly reflecting de-
fects in TGF-β signaling, which regulate expression of
Fsp1 and N-cadherin [70, 71]. All fibroblast cell lines were
absent for expression of endothelial and epithelial markers
(Supplemental Fig. 4). By contrast, 144epi cells expressed
pan-cytokeratin, an epithelial marker [72], and were absent
for Fsp1, α-sma and N-cadherin expression. These data
demonstrate that NAFs, P-CAFs and Tgfbr2FspKO cells
were fibroblastic and devoid of potential contaminating
carcinoma cells.

Fig. 2 P-CAFs regulate
immune cell recruitment to
144epi mammary lesions.
Mammary lesions were
immunostained for: A. Gr-1, B.
F4/80, C. CD45 or D. Von
Willebrand Factor 8 (VWF8).
Statistical analysis was performed
using One Way ANOVAwith
Bonferroni post-hoc comparison.
Statistical significance was deter-
mined by p < 0.05. *p < 0.05,
n.s = not significant. Scale bar =
200 μm. n = 8 for 144epi alone,
n = 9 for 144epi: NAF, n = 8 for
144epi: P-CAF. Mean ± SEM are
shown
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We next compared the oncogenic potential of fibroblasts
with 144epi cells through soft agar assay. 144epi cells but not
NAFs, P-CAFs or Tgfbr2FspKO fibroblasts formed colonies in
soft agar (Supplemental Fig. 5). 144epi cells formed fewer
colonies in soft agar compared to 4 T1 cells, a metastatic
mammary carcinoma cell line [73]. We analyzed the effects

of fibroblast conditioned medium on soft agar growth of
144epi cells and on NMuMG cells, a benign mammary
epithelial cell line [74, 75]. NMuMG cells treated with
conditioned medium from P-CAFs, but not control
DMEM/10% FBS or NAF conditioned medium showed
increased growth in soft agar to an average of 1.3 colonies

Fig. 3 P-CAFs show increased
CXCL1 and decreased TGF-β
expression. ELISA analysis ofA.
CXCL1 and CCL2 in NAFs vs.
P-CAFs, B. TGF-β in NAFs vs.
P-CAFs, C. CXCL1 in P-CAFs
treated with 10 ng/ml of TGF-β
for 24 h. Statistical analyzed was
performed using Two Tailed T-
test. Samples were plated in trip-
licate per group. Experiments
were performed three times.
Statistical significance was deter-
mined by p < 0.05. *p < 0.05,
**p < 0.01, ***p < 0.001. Mean
± SEM are shown

Fig. 4 CXCL1 and CXCR2 are
more highly expressed than
CCL2 and CCR2 in 144epi
mammary lesions. Mouse
mammary lesions from 144epi
cells were co-transplanted with P-
CAFs and immunostained for
CCL2, CCR2, CXCL1 or
CXCR2. Magnified insets show
staining in fibroblastic cells. Scale
bar = 200 μm. n = 8 per group

J Mammary Gland Biol Neoplasia (2018) 23:249–267 257



per 5000 cells (Supplemental Fig. 6). 144epi cells showed
increased colony formation in soft agar when treated with
conditioned medium from P-CAFs, compared to NAF
conditioned medium or control medium. Similar to P-
CAF conditioned medium, Tgfbr2FspKO fibroblast condi-
tioned medium enhanced colony formation of 144epi cells
in soft agar, and induced anchorage independent growth of
NMuMG mammary epithelial cells, with an average of 1.4
colonies per 5000 cells (Supplemental Fig. 6). These data
indicate that fibroblasts do not form colonies in soft agar;
however, condi t ioned medium from P-CAFs and
Tgfbr2FspKO fibroblasts enhance anchorage independent
growth of benign mammary epithelial cells.

Fig. 5 CXCR2 knockdown in
144epi cells inhibits
Tgfbr2FspKOfibroblasts
mediated progression of 144epi
mammary lesions. A. Flow
cytometry analysis of CXCR2 in
Parental (Par) or 144epi cells sta-
bly expressing control shRNA
(Ctrl) or CXCR2 shRNAs (F-6,
G-1). Percentage of positive cells
are shown. B. CXCL1 ELISA of
cultured 144epi cells. C-F.
Tgfbr2FspKO fibroblasts were co-
transplanted with control or
CXCR2 deficient 144epi cells.
Mammary tissues were analyzed
by H&E stain (C), tumor mass
(D), Ki67 (E), or Gr-1 expression
(F). Statistical analysis was deter-
mined by One Way ANOVA
followed by Bonferroni post-hoc
comparison of F-6 and G-1 with
control shRNA. Statistical signif-
icance was determined by p <
0.05. *p < 0.05; **p < 0.01, ***p
< 0.001, ns = not significant.
Scale bar = 200 μm. n = 12 for
parental 144epi: Tgfbr2FspKO, n =
7 for 144epi: Control shRNA, n =
6 for 144epi:F-6, n = 6 for
144epi:G-1. Flow cytometry ex-
periments were performed 3
times. Mean ± SEM are shown

Table 2 CXCR2 knockdown inhibits Tgbr2FspKOmediated
invasion of 144epi mammary carcinomas. Parental (Par), Control
(Ctrl) or CXCR2 deficient 144epi cells were co-transplanted with
Tgfbr2FspKO fibroblasts for 60 days. Tumor samples stained by H&E
were scored for invasiveness. Statistical analysis was performed by Chi-
square test for trend. Statistical significance was determined by p < 0.05.
p < 0.003. n = 12 for parental 144epi: Tgfbr2FspKO, n = 7 for
144epi:Control shRNA, n = 6 for 144epi:F-6, n = 6 for 144epi:G-1

Tgfbr2FspKO non-
invasive

lowly-
invasive

highly invasive

Par 0 1 11

Ctrl 2 1 4

F-6 0 5 1

G-1 5 0 1
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Could fibroblasts form tumors or transform the nor-
mal mammary gland, contributing to the mammary tu-
mor phenotypes observed in this study? To determine
these possibilities, NAFs, P-CAFs and Tgfbr2FsPKO fi-
broblasts were labeled with mCherry fluorochrome, em-
bedded in collagen and implanted into the mouse mam-
mary fat pad. Mice were palpated twice weekly for tu-
mor formation, and sacrificed for tissue harvest 60 days
post-transplantation. Compared to ungrafted tissues,
there were no significant differences in mammary gland
weight with mice transplanted with fibroblasts (Fig.
6A). By fluorescence microscopy, mCherry positive
cells were detected in mammary tissues, indicating re-
tention of transplanted fibroblasts (Fig. 6B). By co-
immunofluorescence staining, mCherry positive cells o-
verlapped with α-sma (Fig. 6C), a marker expressed in
activated breast fibroblasts [68, 76]. A few mCherry
positive cells were α-sma negative, reflecting possible

differences in the activation state and heterogeneity of
fibroblasts. To determine the effects of transplanted fi-
broblasts on the mammary gland, mammary tissues were
serial sectioned and stained by H&E. Compared to
ungrafted mammary glands, fibroblasts did not signifi-
cantly affect mammary gland architecture, which ap-
peared normal (Fig. 6D). Taken together, these data in-
dicate that NAFs, P-CAFs and Tgfbr2FspKO fibroblasts
are not transformed and do not transform normal mam-
mary epithelial cells when orthotopically transplanted
into mice.

CXCL1/CXCR2 Signaling Regulates Invasion of 144epi
Mammary Carcinoma Cells through NF-κB,
p42/44MAPK, AKT and Stat3 Dependent Mechanisms

As data indicated that mammary tumor progression was me-
diated through fibroblast signaling to mammary carcinoma

Fig. 6 Fibroblasts transplanted alone do not promote tumor
formation in mammary glands. NAFs, P-CAFs or Tgbr2FspKO fibro-
blasts were labeled with mcherry and transplanted alone in mammary fat
pads of C57Bl/6 mice for up to 60 days. A. Mammary tissues were
harvested and imaged by using the FL Auto EVOS imaging system for
detection of mCherry positive cells. mCherry positive areas are circled.
Scale bar = 1000 μm. B. Co-immunofluorescence staining for mCherry

(red) or α-sma expression (green) in mammary tissues. Magnified inset
shows α-sma/mCherry co-expressing cells. Scale bar = 200 μm. C.
Mammary tissues were serial sectioned and stained by H&E.
Representative of 200 sections per sample, n = 6 mice per group. Scale
bar = 200 μm. Statistical analysis was performed using One Way
ANOVA with Bonferroni post-hoc comparison. Statistical significance
was determined by p < 0.05. ns = not significant. Mean + SEM are shown
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cells, we further investigated the role of CXCL1/CXCR2 sig-
naling in regulating mammary tumor cell invasion. To further
determine the contribution of CXCL1 derived from P-CAFs
to invasion of 144epi cells, we performed Matrigel transwell
invasion assays. P-CAFs were transfected with control or 2
different CXCL1 siRNAs (CXCL1 si1, CXCL1 si2), coated
on the underside of Matrigel coated transwells, and examined
for invasion of fluorochrome labeled 144epi cells to the un-
derside. By ELISA, CXCL1 expression was reduced in P-
CAFs by 1.9-fold with CXCL1 si1, and 2-fold reduction of
CXCL1 expression with CXCL1 si2 (Fig. 7A). CXCL1
knockdown in P-CAFs significantly decreased 144epi inva-
sion 1.6-fold with CXCL1 si1, and 1.3-fold with CXCL1 si2
(Fig. 7B). Control siRNA transfection in P-CAFs did not sig-
nificantly affect CXCL1 expression or 144epi cell invasion
compared to parental 144epi cells (Supplemental Fig. 7A-
B), indicating the reduction in 144epi invasion was specific
to CXCL1 siRNA knockdown. These data indicate that
CXCL1 expression is required for P-CAF mediated invasion
of 144epi cells. To further determine the relevance of CXCR2
expression to tumor cell invasion mediated by P-CAFs, con-
trol or CXCR2 deficient 144epi cells were co-cultured with P-
CAFs and analyzed for invasion by Matrigel transwell assay.
Compared to control 144epi cells, CXCR2 deficient 144epi
cells (F-6, G-1) showed a significant 1.7-fold reduction in
invasion mediated by P-CAFs (Fig. 7C). These data indicate
that CXCR2 expression is necessary for P-CAF mediated in-
vasion of 144epi cells.

To identify the downstream mechanisms responsible for
CXCL1 mediated invasion, we employed a candidate ap-
proach, examining for phosphorylation of downstream ki-
nases related to invasion and migration. CXCL1 treatment
did not significantly affect phosphorylation of Src, FAK or
p38MAPK proteins in 144epi cells. CXCL1 enhanced phos-
phorylation of IκB, p42/44MAPK, AKT and Stat3 (Fig. 8A).
To determine the functional contribution of these pathways to
CXCL1 induced invasion, we used pharmacologic inhibitors
to block p42/44MAPK, NF-κB, AKT and Stat3 activity.
U0126 non-competitively binds to and inhibits MEK1/2,
upstream kinases of p42/44MAPK [43, 77]. Bay11–7085
irreversibly binds to IκB-α, preventing phosphorylation
and NF-κB activation [78, 79]. MK2206 is an allosteric
inhibitor to AKT1/2/3 [78, 80]. Cell permeable Stat3
phospho-peptides (Stat3i) bind to the Stat3 SH2 domain
to prevent Stat3 dimerization and activation [81, 82].
Treatment of 144epi cells alone with U0126, Bay11–
7085, 0 MK2206 or Stat3i did not affect cellular invasion.
CXCL1 induced invasion of 144epi cells was reduced by
1.4-fold with U0126 treatment, 1.8-fold with Bay11–7085
treatment, 2.2-fold with MK2206 treatment and 1.9-fold
with Stat3i treatment (Fig. 8B). These data indicate that
p42/44MAPK, NF-κB, AKT and Stat3 activity are required
for CXCL1 induced 144epi cell invasion.

Discussion

In these studies, we demonstrate that PyVmT overexpression
in C57BL/6 mice form slow growing in situ lesions that prog-
ress to invasive carcinomas in a stage dependent manner.
Furthermore, we demonstrate an important role for fibroblasts
in regulating the invasive progression of mammary lesions
through paracrine interactions with epithelial cells. Our stud-
ies suggest decreased TGF-β expression upregulates CXCL1
expression in P-CAFs. CXCL1 acts on CXCR2 expressing

Fig. 7 Stromal derived CXCL1 promotes 144epi cell invasion
through CXCR2 dependent mechanisms. A-B. P-CAFs were
transfected with control (Ctrl) or CXCL1 siRNAs, analyzed for CXCL1
expression by ELISA (A) and 144epi cell invasion by Matrigel transwell
assay (B). C. Control (Ctrl) or CXCR2 shRNA expressing144epi cells
(G-1, F-6) were co-cultured with control or CXCL1 siRNA transfected P-
CAFs and analyzed for changes in invasion by Matrigel transwell assay.
Statistical analysis was determined by One Way ANOVA followed by
Bonferroni post-hoc analysis. Triplicate samples per group were plated;
experiments were performed three times. Statistical significance was de-
termined by p < 0.05. *p < 0.05; **p < 0.01, ns = not significant. Mean ±
SEM are shown

260 J Mammary Gland Biol Neoplasia (2018) 23:249–267



tumor epithelial cells to enhance cell invasion through NF-κB,
p42/44MAPK, AKT and Stat3 dependent mechanisms
(Fig. 9).

PyVmT transgenic mice on a C57BL/6 background initial-
ly formed non-invasive lesions with a papillary architecture.
The physiologic relevance of the papillary phenotype in
MMTV-PyVmT transgenic mice is unclear. Transgenic ex-
pression of cyclin E in the mammary epithelium of mice in
the B6C3F2 genetic background result in hyperplastic lesions
wi th a pap i l la ry arch i t ec ture tha t progress to
adenocarcinomas in a subset of mice [83]. MMTV-driven
expression of c-Myc in FVBmice results in mammary lesions
with papillary histology, a subset of which progress to meta-
static mammary carcinomas [84]. Transgenic expression of
WNT1 also form mammary tumors with a papillary architec-
ture [85]. These suggest that papillary lesions in the mammary
gland are common in transgenic mice.

A breast clinical pathologist indicated that the early trans-
genic lesions resembled intraductal papillomas diagnosed in
patients. Papillomas are benign lesions that only carry a low
risk of breast cancer in patients [86–88]. Yet, all of the female
mice carrying the PyVmT transgene developed invasive
mammary carcinomas with loss of papillary architecture,

indicating that the papillary phenotype in mice are not stable
lesions. The C57Bl/6 genetic background is tumor resistant
[58], while the PyVmT is a potent oncogene [56].While trans-
genic expression of PyVmTon a C57BL/6 background result-
ed in slow growingmammary lesions, these lesions eventually
progressed to invasive mammary carcinomas indicating a
dominant effect of the PyVmT oncogene to mammary carci-
noma progression.

At this time, we cannot conclude that the lesions formed in
PyVmT transgenic mice on C57Bl/6 background accurately
represent papillary lesions diagnosed in patients. Yet, several
aspects of the transgenic model may be considered advanta-
geous to studying breast cancer. MMTV-PyVmTmice bred on
to C67BL/6 genetic background formed slow growing in situ
lesions that progressed to invasive carcinoma over time.
Because breast cancers often take decades to develop in wom-
en, the MMTV-PyVmT (C57BL/6) model may be a useful
model to study progression of early stage breast cancers.
Accumulation of fibroblasts correlates with invasive mamma-
ry carcinoma progression, similar to a desmoplastic phenotype
observed in IDC in humans [89, 90]. There are currently few
transgenic models to mimic the various molecular subtypes of
breast cancers diagnosed in women. MMTV-PyVmT

Fig. 8 CXCL1 regulates invasion of 144epi cells through NF-κB,
MAPK, AKT and Stat3 dependent pathways. A. 144epi cells were
treated with 60 ng/ml of CXCL1 over time and analyzed by immunoblot
for expression of the indicated proteins. B. 144epi cells were treated with
60 ng/ml CXCL1 in the presence or absence of: 5 μM NF-κB inhibitor
(Bay11–7082), 1 μM MEK inhibitor (U0126),0.28 μM AKT inhibitor
(MK2206) and 1 mM Stat3 peptide inhibitors (Stat3i), and analyzed for

changes in transwell invasion over 24 h. Statistical analysis was deter-
mined by One Way ANOVA followed by Bonferroni post-hoc analysis.
Transwell assays were plated in triplicate per group. Experiments were
performed three times. Statistical significance was determined by p <
0.05. **p < 0.05, ***p < 0.001, ns = not significant. Mean ± SEM are
shown
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mammary tumors show increased ErbB2 expression and sig-
naling, mimicking luminal/ErbB2(Her2) overexpressing
breast cancers [57, 85, 91, 92]. The WNT pathway may also
be important in mediating mammary carcinoma progression
tumors [85]. In our studies, we have demonstrated that fibro-
blasts mediate CXCL1/ CXCR2 signaling to regulate mam-
mary carcinoma progression in this model. Profiling studies
have revealed that PyVmT tumors from different genetic
backgrounds such as FVB and AKXD show significant dif-
ferences in predicted pathway activity [59, 85]. It would be
interest to further analyze how CXCL1/CXCR2 cooperates
with other oncogenic pathways to regulate development of
invasive mammary carcinomas.in PyVmT/C57BL/6 mice. In
summary, studies in this model provide mechanistic under-
standing of how fibroblasts enhance invasive progression of
mammary carcinomas in part through TGF-β and CXCR2
dependent mechanisms.

We demonstrate several molecular and functional differ-
ences in fibroblasts derived from tumor free mice and mice
bearing PyVmT mammary lesions on a C57Bl/6 background.
P-CAFs enhance tumor growth and invasion compared to
NAFs. Our studies found that NAFs exerted a small increase
in tumor growth and invasion of 144epi cells, similar to some
studies on NAFs in breast cancer [93, 94]. The tumor promot-
ing activities of P-CAFs are consistent with previous studies
showing that breast derived CAFs enhance tumor progression
of MCF7, MDA-MB-231 breast cancer cells and PDX

models, [93, 95–97]. P-CAFs showed elevated CXCL1 ex-
pression and decreased TGF-β expression similar to other
CAFs [21, 44]. Our studies suggest that a hallmark of some
mammary carcinoma associated fibroblasts is increased
CXCL1 expression, which is negatively regulated by TGF-β
signaling. P-CAFs exhibit several phenotypes similar to
Tgfbr2FspKO fibroblasts including: elevated CXCL1 expres-
sion and enhancement of 144epi cell invasion and anchorage
independent growth. While our studies indicate that CXCL1
derived from CAFs is biologically significant, we cannot con-
clude at this time that loss of TGF-β signaling in fibroblasts is
necessary for the tumor promoting phenotype of P-CAFs.
Further studies would need to be performed to investigate
for changes in TGF-β signaling in P-CAFs, and how these
possible changes may functionally contribute to mammary
carcinoma progression. In addition, it would be of interest to
further examine the patterns in stromal CXCL1 and TGF-β
expression in patient samples with pre-invasive lesions. These
additional studies would advance our understanding on how
pre-invasive lesions progress on a molecular level, and lead to
a signature to predict invasion of in situ breast cancers.

Our studies show that P-CAFs enhance progression of
144epi mammary carcinoma cells in mice, corresponding to
increased in vitro invasion and anchorage independent growth
in soft agar. Orthotopic transplantation of fibroblasts alone for
60 days did not result in visible tumor formation. These cells
were retained, but did not significantly expand. These data
indicate that fibroblasts were not transformed themselves,
and did not transform normal mammary epithelium within
that timeframe. Thus, the mammary tumors observed in this
study originated from PyVmTexpressing mammary epithelial
cells. Interestingly, conditioned medium from P-CAFs and
Tgfbr2FspKO fibroblasts induced anchorage independent
growth of NMuMG mammary epithelial cells. But orthotopic
transplantations of NAFs, P-CAFs and Tgfbr2FspKO fibro-
blasts had no effect on the normal mammary gland.
NMuMG cells are non-transformed but immortalized [74,
75]. Therefore, heritable alterations in this cell line combined
with fibroblasts could have contributed to the soft agar colony
growth of NMuMG cells in vitro.

Bonemarrow derived cells including macrophages, neutro-
phils, myeloid derived suppressor cells (MDSC) play an inte-
gral role in regulating breast cancer progression [15, 98, 99].
Here, we show that P-CAFs mediated Gr-1+ recruitment is
associated with CXCR2 mediated tumor invasion. These data
are consistent with previous studies indicating a tumor pro-
moting role for Gr-1+ myeloid cells in breast cancer [32, 33,
100]. While CXCL1 may attract Gr-1+ cells [33], the reduc-
tion in CXCL1 expression in 144epi cells caused by CXCR2
knockdown was not sufficient to affect Gr1+ recruitment.
Other factors such as CXCL17, GM-CSF1 or IL-1α
[101–103] may be expressed by 144epi cells, and attract
and/or regulate differentiation of Gr-1+ cells in 144epi lesions.

Fig. 9 Role of fibroblasts in invasive progression of breast lesions.
Decreased expression of TGF-β in stromal fibroblasts increase expres-
sion of CXCL1, which acts on CXCR2 expressed on mammary epithelial
cells. CXCL1/CXCR2 signaling increases activation of: NF-κB, AKT,
Stat3 and p42/44MAPK to enhance cellular invasion

262 J Mammary Gland Biol Neoplasia (2018) 23:249–267



Interestingly, both NAFs and P-CAFs enhanced recruitment
of F4/80+ macrophages over 144epi cells alone. Fibroblast
mediated macrophage recruitment may be important in the
early stages of progression of in situ breast lesions.
Fibroblast accumulation was initially observed in transgenic
mice 13–18 weeks of age during early invasion. Co-grafting
with NAFs slightly increased tumor growth and invasion over
144epi cells grafted alone. Furthermore, studies have detected
accumulation of macrophages and fibroblasts in in situ lesions
associated with invasive breast cancer progression [104]. It
would be of interest to further investigate the contributions
of Gr-1+ and F4/80+ myeloid cells in progression of in situ
breast lesions.

We show that paracrine but not autocrine CXCL1 signaling
to CXCR2 signaling in 144epi cells is an important mecha-
nism for cellular invasion. Previous studies have shown that
autocrine CXCL1 signaling in PyVmT (FVB) mammary car-
cinoma cells and LM2–4175 breast cancer cells was important
for tumor growth [33]. In contrast to these studies, which
showed high epithelial CXCL1 expression [33], we observed
high stromal expression and low epithelial expression of
CXCL1. These differences in CXCL1 expressionmay explain
why CXCR2 knockdown inhibited tumor invasion mediated
by P-CAFs, but had no effect on 144epi cells transplanted
alone. Epithelial cells from in situ breast lesions may be de-
pendent on paracrine signaling interactions with stromal cells.
It would of further interest to study the functional contribution
of fibroblasts to invasive progression of breast lesions.

A few studies have investigated the CXCR2 mediated
pathways in breast cancer. In MCF-7 breast cancer cells
[105]. CXCR2 mediated MAPK is important for epithelial
to mesenchymal transition while CXCR1/2 activates Src to
enhance AKTand MAPK signaling, and enhance cancer stem
cell activity [106]. In other cancers, CXCL1/CXCR2 signal-
ing enhances growth, motility and invasion of hepatocellular,
ovarian, gastric and prostate carcinoma cells, and melanoma
through a common set of pathways including NF-κB, MAPK,
and AKT [34, 107–110]. Here, CXCL1 regulated invasion of
144epi cells through AKT and MAPK but not Src dependent
mechanisms. Furthermore, we report for the first time that
CXCL1-mediated Stat3 is important for invasion ofmammary
epithelial cells. Stat3 is more notable as a downstream tran-
scriptional regulator of EGF, HGF and IL6 signaling mediated
cancer growth and invasion [111–114]. The activation of
NF-κB and Stat3 suggests that CXCL1/CXCR2 signaling
may regulate gene expression in 144epi cells. Furthermore,
Stat3 and P42/44MAPK phosphorylation appear transitory,
and IκB and AKT phosphorylation is sustained long-term in
CXCL1 stimulated cells. It is possible that Stat3 and p42/
44MAPK may act upstream of IκB and AKT to regulate
CXCL1 induced invasion. It would be of interest to further
understand how these pathways function cooperatively to reg-
ulate CXCL1 induced cellular invasion at the molecular level.

In summary, we demonstrate an important role for stromal
TGF-β and CXCL1/CXCR2 signaling in enhancing progres-
sion of in situ lesions to invasion through a genetically
engineered mouse model. These studies reveal mechanistic
insight into the progression of slow growing lesions with im-
portant implications for improving prognosis and treatment of
patients with in situ breast carcinomas.
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