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Background: Cancer-associated fibroblasts (CAFs) activated by tumour cells are the predominant type of stromal cells in
breast cancer tissue. The reciprocal effect of CAFs on breast cancer cells and the underlying molecular mechanisms are not fully
characterised.

Methods: Stromal fibroblasts were isolated from invasive breast cancer tissues and the conditioned medium of cultured CAFs
(CAF-CM) was collected to culture the breast cancer cell lines MCF-7, T47D and MDA-MB-231. Neutralising antibody and small-
molecule inhibitor were used to block the transforming growth factor-f (TGF-f) signalling derived from CAF-CM, which effect on
breast cancer cells.

Results: The stromal fibroblasts isolated from breast cancer tissues showed CAF characteristics with high expression levels of
a-smooth muscle actin and SDF1/CXCL12. The CAF-CM transformed breast cancer cell lines into more aggressive phenotypes,
including enhanced cell-extracellular matrix adhesion, migration and invasion, and promoted epithelial-mesenchymal transition
(EMT). Cancer-associated fibroblasts secreted more TGF-$1 than TGF-$2 and TGF-$3, and activated the TGF-$/Smad signalling
pathway in breast cancer cells. The EMT phenotype of breast cancer cells induced by CAF-CM was reversed by blocking
TGF-1 signalling.

Conclusion: Cancer-associated fibroblasts promoted aggressive phenotypes of breast cancer cells through EMT induced by
paracrine TGF-1. This might be a common mechanism for acquiring metastatic potential in breast cancer cells with different
biological characteristics.

Breast cancer is the most common malignancy in women and
metastasis is the leading cause of death in breast cancer patients
(Siegel et al, 2012). Owing to the heterogeneous nature of breast
cancer, tumours with the same clinical and pathological status may
differ in metastatic potential, and therefore lead to different

prognoses (Fan et al, 2006). Metastasis of breast cancer cells
requires decreased cell-cell adhesion, but increased cell-
extracellular matrix (ECM) adhesion, and enhanced invasiveness
and motility via secretion of matrix-degrading enzymes
and cytoskeletal reorganisation (Kalluri and Weinberg, 2009).
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A well-recognised mechanism for initiating tumour cell invasive
and metastatic behaviour is epithelial-mesenchymal transition
(EMT), in which polarised epithelial breast cancer cells acquire a
motile mesenchymal phenotype (Kalluri and Weinberg, 2009).
However, the common mechanisms of induction of metastasis in
breast cancers with different biological characteristics remain
undefined. A better understanding of such mechanisms could lead
to find universal molecular targets for anti-metastasis therapy.

The metastatic potential of breast cancer cells is closely
dependent on the tumour microenvironment (Schedin and
Borges, 2009). The fibroblast is the predominant stromal cell type
in tumour microenvironment of heterogeneous breast cancer
tissues. Tumour cells activate stromal fibroblast cells into cancer-
associated fibroblasts (CAFs) through the stimulation of paracrine
growth factors (Kalluri and Zeisberg, 2006; Tejada et al, 2006), and
CAFs are more effective than normal stromal fibroblasts in
promoting the cell survival (Martinez-Outschoorn et al, 2010),
growth (Orimo ef al, 2005) and progression (Giannoni et al, 2010)
of cancer cells. Cancer-associated fibroblasts secrete a number of
growth factors, including transforming growth factor-f1 (TGF-f1;
Ao et al, 2007; Kojima et al, 2010), which is a strong extracellular
signal regulating EMT in cancer cells (Sotgia et al, 2009; Wendt
et al, 2010). Cancer-associated fibroblasts also secrete chemokine
(C-X-C motif) ligand 12 (CXCL12)/stromal derived factorl (SDF-1)
to induce EMT of cancer cells (Al-Ansari et al, 2012).
In addition, ECM, the non-cellular composition of the tumour
microenvironment, is mainly synthesised by CAFs. It functions as
a mediator of invasion and migration of cancer cells through
ECM remodelling by ECM-degrading proteases secreted from
cancer cells with the EMT phenotype (Giannoni et al, 2010; Qiao
et al, 2010).

There is a consensus that CAFs can affect the metastatic
behaviour of breast cancer cells (Lebret et al, 2007; Gao et al, 2010;
Soon et al, 2013). However, it is unclear how CAFs affect the
metastatic potential of breast cancers with different biological
characteristics. In the present study, we demonstrated that CAFs
could enhance the metastatic potential of breast cancer cells with
different characteristics through EMT induced by paracrine TGF-f§
signalling. Different EMT programmes were activated in different
breast cancer cells because of the different responses to CAF
paracrine extracellular signalling.

MATERIALS AND METHODS

Isolation and culture of stromal fibroblasts. To isolate stromal
fibroblasts, primary cancer tissues were obtained from three female
breast cancer patients at Tianjin Medical University Cancer
Institute and Hospital (TMUCIH; Tianjin, China). These patients
had undergone mastectomy but had not been treated with
preoperative chemotherapy. The tissue specimens were divided
into three parts for histopathological diagnosis, mRNA and protein
extraction and isolation of stromal fibroblasts. The investigation
and the use of specimens were approved by the Institutional
Review Board of TMUCIH and written consent was obtained from
participants.

The breast cancer tissue specimens used for isolation of stromal
fibroblasts were diagnosed as invasive ductal carcinoma with
histological grade II and classified as luminal A subtype with
oestrogen receptor-positive/progesterone receptor-positive/human
epidermal growth factor receptor 2-negative. Importantly,
the specimens were assessed by haematoxylin-eosin staining
and immunohistochemical staining for o-smooth muscle actin
(2-SMA) to confirm that there were stromal cells surrounding the
cancer nests and distributed among the invasive cancer cells in the
heterogeneous cancer tissue (Figure 1A and B).
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Figure 1. Stromal fibroblasts isolated from breast cancer tissues
exhibit characteristics of CAFs. (A) H&E staining of paraffin-embedded
breast cancer tissue sections ( x 400). There were stromal cells
surrounding the cancer nests and distributed among the invasive
cancer cells in the heterogeneous cancer tissue. (B) Activated fibroblast
marker a-SMA expression in paraffin-embedded primary breast cancer
tissue sections was detected by immunohistochemistry ( x 400).
Stromal fibroblasts surrounding cancer cells highly expressed

o-SMA, present characteristics of CAFs. (C) Morphological features of
primary cultured stromal fibroblasts isolated from the primary breast
cancer tissue (x 200). (D) Mesenchymal marker vimentin expression in
stromal fibroblasts grown on a coverslip was detected by
immunohistochemistry ( x 400). The stromal fibroblasts expressed
vimentin highly. (E) Epithelial marker E-cadherin expression in the
stromal fibroblasts was detected by immunohistochemistry ( x 400).
The stromal fibroblasts did not express E-cadherin. (F) The expression
of x-SMA and E-cadherin in stromal fibroblasts isolated from different
primary breast cancer tissues was detected by immunobotting. All the
primary cultured stromal fibroblasts expressed «-SMA highly but did
not express E-cadherin, presenting characteristics of CAFs.

The fresh tissues were sliced and digested with 160 ugml "
collagenase A (Sigma, St Louis, MO, USA) and 25ugml '
hyaluronidase (Sigma) at 37°C for 3h. Then the cells were
collected and cultured in Dulbecco’s modified Eagle’s medium
nutrient mixture F12 (DMEM/F12; Invitrogen, Carlsbad, CA,
USA) supplemented with 10% fetal bovine serum (FBS; Invitrogen)
until cells grew into a confluent monolayer. After 2-3 passages, a
unique homogeneity of stromal fibroblasts was formed. All the
stromal fibroblasts used in the experiments were at less than 10
passages. To prepare conditioned medium of cultured CAFs (CAF-
CM) for breast cancer cell treatments, stromal fibroblasts isolated
from three tissue specimens were mixed and cultured for 48 h, then
collected and centrifuged for 10 min at 5000r.p.m. to remove
cell debris.

Culture of breast cancer cell lines. Breast cancer cell lines MCE-7,
T47D and MDA-MB-231, each with different biological
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characteristics and metastatic potential, were obtained from the
American Type Culture Collection (ATCC; Manassas, VA, USA).
Cells were cultured in RPMI-1640 (MCF-7 and MDA-MB-231)
or DMEM/F12 (T47D) medium supplemented with 10% FBS,
100 units per ml penicillin and 100 ugml ' streptomycin at 37 °C.
Cells in logarithmic growth phase or at 80% confluence were used
for experiments. Breast cancer cell lines were treated with the CM
of stromal fibroblasts, diluted with an equal volume of fresh
medium for 2 days. An equal volume of complete culture medium
was used as the control.

Cell-ECM adhesion assay. Breast cancer cells were plated in
Matrigel-coated 12-well plates at 1 x 10> cells per well. The non-
adherent cells were counted after being cultured for the appro-
priate time and the percentage of adherent cells was calculated as
(1-non-adherent cells/total inoculated cells) x 100%.

Wound-healing assay. Breast cancer cells were plated in six-well
plates at 5 x 10° cells per well to grow into a monolayer. A linear
scratch/wound was made on cell monolayers with a sterile
pipette. Photomicrographs were taken of live cells at x 100
magnification and the distance migrated was observed within an
appropriate time.

Cell migration and invasion assay. The invasion and migration
abilities of breast cancer cells in vitro were evaluated by Matrigel-
coated Transwell and Transwell inserts (BD Biosciences, San
Diego, CA, USA). 5 x 10* cells in 500 ul serum-free medium were
added to the upper chamber, and medium containing 20% FBS was
added into the lower chamber. The cells were left to invade the
Matrigel for the appropriate time, the non-invading cells on the
upper surface of the membrane were removed by wiping, and the
invading cells were fixed and stained with a three-step stain set kit
(Richard-Allan Scientific, Waltham, MA, USA). The number of
invading or migrating cells was counted under a microscope in five
predetermined fields for each membrane at x 400 magnification.

TGF-f signalling analysis. Breast cancer cells were cultured with
CM of stromal fibroblasts containing 50 ug ml ~ ' TGF-f1 antibody
(R&D Systems, Minneapolis, MN, USA) to neutralise TGF-f1, or
1.0 umol ml ~ ' SB-431542 (Sigma) to block the TGF-f signalling of
breast cancer cells.

Reverse transcription-quantitative PCR. Total RNA of tissues or
cultured cells was isolated using TRIzol reagent (Invitrogen).
Reverse transcription was performed using a First-strand cDNA
Synthesis System (Invitrogen) according to the manufacturer’s
instructions. We quantified the transcripts of the housekeeping
gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as an
internal mRNA quantity control, as previously described (Du et al,
2013). All primers and TagMan probes for cDNA amplification of
various target genes were designed and optimised using Oligo 6.0
software (Molecular Biology Insights, West Cascade, USA), and
synthesised by Sangon Biological Engineering Technology &
Services (Shanghai, China). Triplicate quantitative PCR reactions
were performed for both target genes and the housekeeping
gene using Platinum Quantitative PCR SuperMix-UDG  System
(Invitrogen) according to the manufacturer’s instructions. The relative
expression level of the target gene was calculated by normalising the
cycle threshold (Ct) values of the tar§et gene to the Ct values of
GAPDH (ACt), and determined as 2~ 2 (Du et al, 2013).

Immunohistochemistry. Breast cancer cells growing on sterile
coverslips were fixed with 4% paraformaldehyde. Tissue specimens
were formalin fixed and paraffin embedded. Immunohistochem-
istry staining of specimens was carried out using the primary
antibodies anti-z-SMA (1A4; DAKO, Copenhagen, Denmark),
anti-Vimentin (V9; Invitrogen) and anti-E-cadherin (4A2C7;
Invitrogen); the secondary antibodies (GE Healthcare, Piscataway,
NJ, USA) were used at appropriate concentration. Staining was

performed with diaminobenzidine; hematoxylin was used for
counterstaining.

Immunoblotting. Harvested cells were lysed with protein lysis
buffer containing 20mM Tris-HCl pH 7.4, 5mm EDTA acid,
1% Triton X-100, 150 mm NaCl, 1% dithiothreitol and 1% protease
inhibitor cocktail (Sigma). The proteins in the lysate were
separated by SDS-PAGE and transferred to a polyvinyldifluoride
membrane (Pierce, Rockford, IL, USA). The primary antibodies
used were anti-Vimentin, anti-E-cadherin, anti-TGF-SRII (K105;
Cell Signaling Technology, Danvers, Massachusetts, USA), anti-
Smad2 (86F7; Cell Signaling Technology) and anti-pSmad2
(Phospho-Ser245/250/255; Cell Signaling Technology) at a dilution
of 1:1000, f-actin (Sigma-Aldrich, St Louis, MO, USA) at a
dilution of 1:3000, and the secondary antibody (GE Healthcare,
Piscataway, NJ, USA) was used at a dilution of 1:2500. The protein
blotting on the membranes was performed as previously described
(Tan et al, 2011). The immunoreactive protein bands on the
membranes were visualised using enhanced chemiluminescence
reagents (GE Healthcare).

Immunofluorescence staining. Cells were seeded on the cover-
slips and cultured for 48 h, and then fixed in 4% paraformaldehyde
for 20 min. After washing with PBS, the cells were permeabilised in
0.1% Triton X-100 for 15min, washed with PBS and incubated
with primary antibodies overnight at 4 °C. The cells were then
washed with PBS and incubated with fluorescein isothiocyanate or
phycoerythrin-conjugated secondary antibodies. Nuclei were
stained using DAPI permamount. The protein expression was
visualised using a fluorescence microscope.

Cytokine antibody array analysis. The TGEFfs secreted from
CAFs were analysed using a Cytokine Antibody Array (R&D
Systems) in accordance with the manufacturer’s instructions.
Briefly, membranes were incubated with 1.0ml of CAF-CM at
room temperature for 1-2h. Diluted biotin-conjugated antibodies
were added to each membrane, which was then incubated at room
temperature for 1-2h. Diluted horseradish peroxidase-conjugated
streptavidin was added to each membrane and incubated at room
temperature for 2h. The membranes were placed into the mixed
Detection Buffer and exposed to X-ray film. The intensities of
signals were quantified by ScanAlyze software (Michael Eisen,
Lawrence Berkeley National Laboratory, Stanford University,
Stanford, CA, USA). A positive control was used to normalise
the results from the different membranes being compared. All
samples were performed in duplicates.

Statistical analysis. Data are presented as mean + standard
deviation. Student’s ¢-test and rank sum test were used to compare
the differences between the experimental group and control group.
Statistical significance was defined as P<0.05.

RESULTS

The stromal fibroblasts isolated from breast cancer tissues
exhibit characteristics of CAFs. To characterise stromal fibro-
blasts in the microenvironment of breast cancer, we isolated and
cultured stromal fibroblasts from primary breast cancer tissues.
In the primary breast cancer tissue, we observed that there were
stromal cells surrounding the cancer nests and distributed among
the invasive cancer cells (Figure 1A), and some of them were active
fibroblasts with positive «-SMA staining (Figure 1B). The stromal
cells separated from primary breast cancer tissues were a
heterogeneous mixture of a variety of cells in the primary culture,
with fibroblasts being the main component. After passaging the
primary culture cells, uniform fibroblasts started to grow
(Figure 1C). The stromal fibroblasts showed positive staining for
the mesenchymal marker vimentin (Figure 1D) and negative
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staining for the epithelial marker E-cadherin (Figure 1E).
In particular, they expressed the activated myofibroblast marker
o-SMA (Figure 1F) and CXCLI12 (Supplementary Figure 1A).
These results indicated that the isolated and cultured fibroblasts
in vitro from breast cancer tissues maintained the features of CAFs.

To investigate whether the fibroblats at low passages cultured
in vitro are retained features of CAFs, we detected the expression of
E-cadherin, o-SMA and CXCLI12 in CAFs at different low passages.
The results showed that the expression levels of x-SMA and
CXCLI12 were similar in all the CAFs at different passages, and

A Control CAF-CM D

T47D

MDA-231

E-cadherin was not expressed in any CAFs at different passages
(Supplementary Figure 1B and C), which indicated that the
fibroblats at low passages cultured in vitro retained the features
of CAFs.

CAFs enhanced aggressive behaviour of breast cancer cells. To
investigate the effects of CAFs on breast cancer cells with different
intrinsic characteristics, the CAF-CM was collected and used to
culture breast cancer cell lines MCF-7, T47D and MDA-MB-231.
The epithelial MCF-7 and T47D cells cultured with CAF-CM

CAF-CM F

CAF-CM
e,

Control
s W
» L
N
I :

B 100 E 40 G
o) = =
g o g, % g .
[0}
25 90 32 2 £y
o < 40 * © S a3
Q - 3 ®©
< d o< z°
2 20 s 10 £
0 0
CAF-CM - + - + - + CAF-CM - -+ -+ CAF-CM - + - + — +
E SR A 3 TR
SN & & & & P
N & N &K N &
N\ A\ N
C MCF-7 T47D MDA-231
Control CAF-CM Control CAF-CM CAF-CM

Control

Figure 2. CAF-CM enhances the abilities of migration and invasion of breast cancer cell lines with different characteristics. (A) Morphological
features of breast cancer cells. Compared with untreated control cells, the MCF-7 and T47D cells cultured in CAF-CM had fewer cell junctions, and
scattered cells had elongated pseudopodia; pseudopodia in MDA-MB-231 cells in particular were significantly elongated. (B) Cell adhesion ability
was measured using an cell-ECM adhesion assay. Compared with control cells, the adhesion rates of all the three cell lines cultured with CAF-CM
were higher. (C) Cell migration ability was measured by a wound-healing assay. Compared with control cells, the migration distances of all the
three cell lines cultured with CAF-CM were increased. (D, E) Cell migration ability was measured using a Transwell cell migration assay. The
migration ability of all the three cell lines cultured with CAF-CM was significantly greater than that of the corresponding control cells. (F, G) Cell
invasion ability was measured using a Transwell cell invasion assay. The invasion ability of all the three cell lines cultured with CAF-CM was
significantly greater than that of the corresponding control cells. *P<0.05, **P<0.01.
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showed more spindle-like shape and cell scattering. The mesen-
chymal MDA-MB-231 cells cultured with CAF-CM were also
changed to more fibroblast-like morphology (Figure 2A). All the
three cell lines cultured with CAF-CM had enhanced cell-ECM
adhesion (Figure 2B), migration (Figure 2C-E) and invasion
(Figure 2F and G) compared with the control cells. All the above
results suggested that CAF-secreted proteins could stimulate these
different breast cancer cell lines to change their morphologies and
phenotypes to have more metastatic potential.

CAFs induced EMT programming and phenotype in breast
cancer cells. To investigate the changes of EMT phenotype
induced by CAF-CM in breast cancer cell lines, we examined the
expression of epithelial marker E-cadherin (CDHI), mesenchymal
marker vimentin (VIM) and fibronectin 1 (FN1), as well as matrix
metalloproteinase 2 (MMP2) and MMP9 in MCF-7, T47D and
MDA-MB-231 cells incubated with CAF-CM. Results showed that
cells cultured with CAF-CM had decreased expression of epithelial
marker E-cadherin in MCF-7 and T47D cells, and increased
expression of mesenchymal marker vimentin in MDA-MB-231
cells (Figure 3A and C). The expression levels of mesenchymal
marker VIM, FN1, MMP2 and MMP9 were upregulated in all the
three cell lines cultured with CAF-CM (Figure 3B and D). These

results indicated that factors secreted by CAFs could induce the
EMT phenotype in breast cancer cells with different characteristics.

To investigate whether EMT programming was activated by
CAF-secreted factors in these breast cancer cell lines with different
characteristics, the expression of EMT-related transcription factors
(EMT-TFs) snail homolog 1 (SNAII), SNAI2, twist basic helix-
loop-helix transcription factor 1 (TWISTI) and zinc-finger E-box-
binding homeobox 1 (ZEBI) was measured in breast cancer cell
lines cultured with CAF-CM. The results showed that SNAII
expression levels were upregulated in all the three cell lines
cultured with CAF-CM, SNAI2 expression levels were upregulated
in epithelial MCF-7 and T47D cells but not in mesenchymal-like
MDA-MB-231 cells, TWIST1I expression levels were upregulated in
mesenchymal-like MDA-MB-231 cells but not in epithelial MCE-7
and T47D cells, and ZEBI expression levels were upregulated only
in MCF-7 cells (Figure 3E). These results indicated that CAF-
secreted proteins induced the EMT phenotype through common
and/or unique activation of EMT-TFs in breast cancer cell lines
with different characteristics.

CAFs activated TGF-f/Smad signalling in breast cancer cells via
CAF-secreted TGF-f$1. As TGF-f is a prominent EMT-inducer,
we examined whether CAFs secreted any TGF isoform into CAF-CM.
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Figure 3. CAF-CM induces EMT programming and phenotype in different breast cancer cell lines. (A) The expression of epithelial marker

E-cadherin and mesenchymal marker vimentin was detected by immunoblotting. Compared with control cells, the cells cultured with CAF-CM had
decreased E-cadherin expression in MCF-7 and T47D cells, and increased vimentin expression in MDA-MB-231 cells. (B) The expression of
mesenchymal marker VIM and FN1 was detected by reverse transcription (RT)-quantitative PCR (QPCR). Compared with control cells, VIM and FN1
expression levels were upregulated in all the three cell lines cultured with CAF-CM. (C) The expression of epithelial marker E-cadherin and
mesenchymal marker vimentin was detected by immunofluorescence staining. Compared with control cells, the cells cultured with CAF-CM had
decreased E-cadherin expression in MCF-7 cells and increased vimentin expression in MDA-MB-231 cells cultured with CAF-CM. Nuclei were
visualised with DAPI staining (blue). (D) The expression of MMPs was detected by RT-QPCR. MMP2 and MMP?9 expression levels were upregulated
in all the three cell lines cultured with CAF-CM. (E) The expression of EMT-TFs was detected by RT-QPCR. SNAI1 expression levels were
upregulated in all the three cancer cell lines cultured with CAF-CM. SNAI2 expression levels were upregulated in MCF-7 and T47D cells. TWIST1
expression levels were upregulated in MDA-MB-231 cells, and ZEBT expression levels were upregulated in MCF-7 cells. *P<0.05, **P<0.01.
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Our results showed that CAFs secreted significantly more TGF-f1
than TGF-$2 or TGF-f3 (Figure 4A). We then compared the
mRNA expression of the TGF-f1-coding gene TGFBI in CAFs and
breast cancer cell lines. Our results showed that TGFBI expression
levels were significantly higher in CAFs than those in the breast
cancer cell lines MCF-7, T47D and MDA-MB-231 (Figure 4B).
These results indicated that TGF-f1 was mainly secreted by the
CAFs in the co-culture of CAFs with breast cancer cells.

To investigate the effect of CAF-CM on activation of TGF-f
signalling in breast cancer cell lines, we compared the expression
levels of TGF-ff receptor type II (TGF-fRII), total Smad2 and
phosphorylated Smad2 in breast cancer cells cultured in CAF-CM
or control medium. The results showed that CAF-CM significantly
increased phosphorylated Smad2 in MCF-7, T47D and MDA-MB-231,
whereas total Smad2 was not affected. Although TGEF-fRII
expression levels were different in the three cell lines, they were
not affected by culturing with CAF-CM (Figure 4C). Transforming
growth factor-f1 secretion by breast cancer cells was not affected
neither (Figure 4D). These results indicate that CAFs activated
TGF-p/Smad signalling pathway in breast cancer cells mainly
through paracrine TGF-f1.

EMT programming and phenotype were reversed by blocking
TGF-f1 in breast cancer cells cultured in CAF-CM. To further
test the role of TGF-fi1 signalling in EMT phenotype changes of
breast cancer cells, TGF-f1 neutralising antibody and TGF-f
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Figure 4. CAFs activated TGF-/Smad signalling of breast cancer cells
through secreted TGF-f1. (A) TGF-$1, TGF-f2 and TGF-i3 secreted by
CAFs in CAF-CM were detected by cytokine antibody array. Cancer-
associated fibroblasts secreted significantly more TGF-$1 than TGF-2
and TGF-$3. (B) TGFB1 expression in CAFs and breast cancer cell lines
was detected by reverse transcription (RT)-quantitative PCR (QPCR).
Cancer-associated fibroblasts expressed significantly higher TGFB1
expression levels than breast cancer cell lines MCF-7, T47D or
MDA-MB-231. (C) The expression of TGF-fRII, total Smad2 and
phosphorylated Smad2 in breast cancer cell lines cultured with
CAF-CM was detected by immunoblotting. Phosphorylated Smad2
expression levels in MCF-7, T47D and MDA-MB-231 cells cultured with
CAF-CM were significantly higher than their control cells, whereas total
Smad2 and TGF-fRIl were not significantly changed. (D) TGFB1
expression in breast cancer cells cultured with CAF-CM was detected
by RT-QPCR. TGFB1 expression levels in MCF-7, TA7D and MDA-MB-
231 cell lines were not significantly affected by culturing in CAF-CM.

signalling blocking reagent SB-431542 were added to CAF-CM for
culturing epithelial cells MCF-7 and mesenchymal-like cells MDA-
MB-231. Then, the expression of epithelial markers, mesenchymal
markers and EMT-TFs were examined. After culturing in CAF-CM,
the E-cadherin expression in MCF-7 cells was reduced, and
vimentin expression in MDA-MB-231 cells was increased. More-
over, the increased vimentin in MDA-MB-231 cells and upregu-
lated FNI expression in both cell lines stimulated by CAF-CM were
reversed by adding TGF-f1-neutralising antibody (Figure 5A).
Similarly, the upregulated SNAII expression in MCF-7 and MDA-
MB-231 cells was also reversed by adding TGF-f1-neutralising
antibody (Figure 5B). Consistent with the effects of TGF-f1
neutralising antibody, adding SB-431542 in CAF-CM also reversed
the reduced E-cadherin in MCF-7 cells, the increased vimentin in
MDA-MB-231 cells, and the upregulated FNI expression in both
cell lines stimulated by CAF-CM (Figure 5C), as well as the
upregulated SNAII expression in MCF-7 and MDA-MB-231 cells
(Figure 5D). Furthermore, the enhanced abilities of migration and
invasion of MCF-7 and MDA-MB-231 cells stimulated by CAF-CM
were reversed by adding anti-TGF-f1 antibody (Figure 5E and F).
These results indicated that TGF-fj1 secreted from CAFs was an
important regulator for activation of EMT programming and
phenotype in breast cancer cells with different characteristics.

DISCUSSION

Isolation of stromal fibroblasts from invasive cancer tissues
followed by low-passaged cultures in vitro is the main approach
to investigate the biological characteristics of CAFs and their effects
on tumour cells (Erez et al, 2010). z-Smooth muscle actin is
commonly used as a marker of myofibroblast formation to identify
CAFs, and its expression is higher in fibroblasts derived from
cancer tissues than in those derived from normal tissues (Orimo
et al, 2005; Zhang et al, 2011; Horie et al, 2012). Evidence has
shown that stromal fibroblasts isolated from cancer tissues such as
breast cancer (Orimo et al, 2005; Lebret et al, 2007; Huang et al,
2010), prostate cancer (Giannoni et al, 2010), colon cancer
(Nakagawa et al, 2004), lung cancer (Horie et al, 2012) and
ovarian cancer (Zhang et al, 2011) retain the characteristics of
CAFs, with high levels of «-SMA expression. As luminal A is the
most common subtype of breast cancer, we isolated and cultured
stromal fibroblasts from invasive luminal A subtype breast cancer
tissues, and confirmed that the fibroblasts expressed high levels of
o-SMA and CXCL12/SDEF-1, which is a typical characteristic of
CAFs. Moreover, CAFs at low passages cultured in vitro retained
their original features, which was consistent with the Kalluri’s
report (Kalluri and Zeisberg, 2006).

There have been reports that CAFs could promote aggressive
behaviour of breast cancer cells. Al-Ansari et al (2012) demon-
strated that downregulation of p16™ ** transformed normal
breast fibroblasts into CAFs, which in turn enhanced migration
and invasion of MDA-MB-231 cells by inducing EMT in a
CXCL12/SDF-1-dependent manner. Lebret et al (2007) showed
that CAFs enhanced migration by promoting EMT of PMC42-LA
cells. Gao et al (2010) found that CAFs promoted EMT of MCE-7
and MDA-MB-231 cells. Collectively, these results suggested that
CAFs could promote migration and invasion through induction of
EMT in various types of breast cancer cells, including luminal cells
(MCF-7), basal-like cells (MDA-MB-231) and cells with both
luminal epithelial and myoepithelial characteristics (PMC42-LA;
Ackland et al, 2001). In this study, we demonstrated that factors
secreted by CAFs enhanced the aggressive behaviours of cel-ECM
adhesion, migration and invasion in both luminal (MCF-7 and
T47D) and basal-like (MDA-MB-231) breast cancer cells by
inducing or promoting EMT. This suggests that CAF-induced
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Figure 5. EMT phenotype was reversed by blocking TGF-$1 in CAF-CM cultured breast cancer cells. (A) The expression of epithelial and
mesenchymal markers in breast cancer cells was detected by immunoblotting or reverse transcription (RT)-quantitative PCR (QPCR), respectively.
After the TGF-1 signalling pathway was blocked by neutralising antibody, the reduced E-cadherin in MCF-7 cells, increased vimentin in MDA-MB-
231 cells and upregulated FN1 expression levels stimulated by CAF-CM in all the three cell lines were reversed. (B) The expression of EMT-TFs was
detected by RT-QPCR. After the TGF-f1 signalling pathway was blocked by neutralising antibody, the upregulated SNAIT expression levels in
MCF-7 and MDA-MB-231 cells stimulated by CAF-CM were reversed. (C) The expression of epithelial and mesenchymal markers in breast cancer
cells was detected by immunoblotting or RT-QPCR, respectively. After the TGF-$1 signalling pathway was blocked by adding SB-431542 in CAF-
CM, the reduced E-cadherin in MCF-7 cells, increased vimentin in MDA-MB-231 cells and upregulated FN1 expression levels in both cancer cells
stimulated by CAF-CM were reversed. (D) The expression of EMT-TFs was detected by RT-QPCR. After the TGF-$1 signalling pathway was
blocked by adding SB-431542 in CAF-CM, the upregulated SNAI1T expression levels in MCF-7 and MDA-MB-231 cells stimulated by CAF-CM were
reversed. (E) Cell migration ability was measured using a Transwell cell migration assay. The migration ability of MCF-7 and MDA-MB-231 cells
cultured in CAF-CM were reversed by adding anti-TGF-f1 antibody. (F) Cell invasion ability was measured using a Transwell cell invasion assay.
The invasion ability of MCF-7 and MDA-MB-231 cells culturing in CAF-CM were reversed by adding anti-TGF-$1 antibody. *P<0.05, **P<0.01.
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EMT might be the common mechanism underlying the acquisition
of metastatic potential in different breast cancer subtypes.

EMT enables cancer cells to acquire the ability to complete
various steps in the metastatic cascade, and this change in
phenotype of epithelial cancer cells is induced by paracrine signals
from their microenvironment (Scheel et al, 2011). It is known that
CAFs can induce or promote EMT in a variety of cancers, however,
the underlying molecular mechanisms are still not clear. Trans-
forming growth factor-f is a prominent EMT-inducer (Zavadil
et al, 2004; Wendt et al, 2010). Tumour cells can induce and
maintain the EMT phenotype through autocrine secretion of TGF-
p, and can also transform stromal fibroblasts into CAFs by
paracrine TGF-f signalling (Fuyuhiro et al, 2011). Although CAFs
can also secrete TGF-fi (Rosenthal et al, 2004; Ao et al, 2007;
Kojima et al, 2010; Franco et al, 2011), it is little known whether or
how CAF-paracrine TGF-f induces EMT in tumour cells.
By detection of the CAF-CM collected from CAFs cultured
in vitro, we found that TGF-fi1 was the major TGF-f family
member secreted by CAFs. We also found that TGF-f1 was
expressed by CAFs significantly more than by cancer cells, and
stimulation of CAF-paracrine factors did not significantly increase
expression of TGF-f1 and TGF-fRII in the breast cancer cell lines.
Furthermore, by using a pharmacological inhibitor of the TGF-f8
receptor kinase to inhibit the receptors of tumour cells, and
neutralising antibodies to inhibit secreted TGF-fi1 by CAFs, we
found that TGF-f1, mainly secreted by CAFs, could induce EMT
in different subtypes of breast cancers.

Interestingly, we found that CAF-paracrine signalling induced
EMT in breast cancer cells with different characteristics are
underlying common and/or unique pleiotropically acting EMT-
TFs. SNAII was activated by CAF-CM in the three breast cancer
cell lines: epithelial/luminal A cells MCF-7 and T47D, and
mesenchymal-like/basal-like cells MDA-MB-231. SNAI2 and
ZEBI were activated in epithelial/luminal A cells (SNAI2 in both
MCEF-7 and T47D, ZEBI only in MCEF-7) but not in mesenchymal-
like/basal-like cells (MDA-MB-231). TWIST1 was activated in
mesenchymal-like/basal-like cells (MDA-MB-231) but not in
epithelial cells/luminal A cells (MCF-7 and T47D). This novel
observation indicates that different EMT programmes are activated
in different subtypes of breast cancer cells specific to their
responses to CAF-paracrine signalling. Another interesting finding
in our in vitro experiments is that exogenous TGF-f alone did not
promote EMT of breast cancer cells (Supplementary Figure 2).
Therefore, although TGF-f is a key modulator secreted by CAFs
for promoting EMT of breast cancer cells with different biological
characteristics, it needs co-factors to facilitate this process, and the
exact mechanism remains to be further explored.

In summary, CAFs could stimulate morphological and pheno-
typic changes in various breast cancer subtype cells to enhance
their metastatic potential through EMT induced by paracrine
TGF-f1. This might be a common mechanism for metastasis
among breast cancer cells with different biological characteristics.
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