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ABSTRACT

Increased collagen expression in tumors is associated with increased risk of 
metastasis, and triple-negative breast cancer (TNBC) has the highest propensity to 
develop distant metastases when there is evidence of central fibrosis. Transforming 
growth factor-β (TGF-β) ligands regulated by cancer-associated fibroblasts (CAFs) 
promote accumulation of fibrosis and cancer progression. In the present study, we 
have evaluated TNBC tumors with enhanced collagen to determine whether we can 
reduce metastasis by targeting the CAFs with Pirfenidone (PFD), an anti-fibrotic 
agent as well as a TGF-β antagonist. In patient-derived xenograft models, TNBC 
tumors exhibited accumulated collagen and activated TGF-β signaling, and developed 
lung metastasis. Next, primary CAFs were established from 4T1 TNBC homograft 
tumors, TNBC xenograft tumors and tumor specimens of breast cancer patients. 
CAFs promoted primary tumor growth with more fibrosis and TGF-β activation and 
lung metastasis in 4T1 mouse model. We then examined the effects of PFD in vitro 
and in vivo. We found that PFD had inhibitory effects on cell viability and collagen 
production of CAFs in 2D culture. Furthermore, CAFs enhanced tumor growth and 
PFD inhibited the tumor growth induced by CAFs by causing apoptosis in the 3D co-
culture assay of 4T1 tumor cells and CAFs. In vivo, PFD alone inhibited tumor fibrosis 
and TGF-β signaling but did not inhibit tumor growth and lung metastasis. However, 
PFD inhibited tumor growth and lung metastasis synergistically in combination with 
doxorubicin. Thus, PFD has great potential for a novel clinically applicable TNBC 
therapy that targets tumor-stromal interaction.

INTRODUCTION

Collagen, mainly produced by fibroblasts, is the 
most abundant extracellular matrix (ECM) protein in 
the stroma. Collagen metabolism is deregulated in many 
chronic diseases including cancer [1]. Increased type I 
collagen expression and desmoplasia/fibrosis in tumors 
are associated with increased risk of metastasis [2-4]. 
An increasing body of evidence suggests that activated 
cancer-associated fibroblasts (CAFs) can promote 
cancer fibrosis and progression [1, 5-10]. Transforming 
growth factor-β (TGF-β) ligands produced by cancer 

cells and/or CAFs promote the accumulation of fibrotic 
desmoplastic tissue and the rate of cancer progression 
[1, 10, 11].

Breast cancer is the most commonly diagnosed cancer 
among women and the second-most frequent cause of 
cancer death. Of the various classes of human breast cancer, 
triple-negative (ER-PR-HER2-) breast cancer (TNBC) is the 
most aggressive type, and no targeted therapy is available. 
In addition, TNBC has the highest propensity to develop 
distant metastases and show poor prognosis when there is 
evidence of central fibrosis [12]. TGF-β ligands are often 
enriched in the TNBC tumor microenvironment [13-16]. 
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This suggests that targeting the desmoplasia/fibrosis and 
TGF-β signaling in TNBC could be of value.

In the present study, we have evaluated TNBC 
tumors that have enhanced collagen expression to 
determine whether we can reduce metastasis by targeting 
the CAFs with Pirfenidone (PFD). PFD is an orally 
administered pyridine (5-methyl-1-phenyl-2-[1H]-
pyridone) that exhibits antifibrotic properties in a variety 
of in vitro and animal models of fibrosis as a TGF-β 
antagonist, and has been clinically developed for the 
treatment of idiopathic pulmonary fibrosis (IPF) [17, 18].

RESULTS

TNBC xenograft tumors exhibit accumulated 
collagen and activated TGF-β signaling, and 
metastasize to lungs

To determine fibrosis and TGF-β activation in TNBC 
as a model, we used patient-derived xenograft (PDX) 
models that retain the essential features of the original 
patient tumors and metastasis to specific sites (HCI-001 
and HCI-002) [19, 20], and thus are authentic experimental 
systems for studying human cancer metastasis. In these 
models, the tumors engrafted in the mammary glands of 
immunodeficient NOD/SCID mice grew to approximately 
1 cm in 5-8 weeks (Supplementary Figure S1A). Enhanced 
collagen accumulation was exhibited in the primary 
tumors (Figure 1A). Lung metastasis was also detected 
in HCI-001 model (Figure 1B and Supplementary Figure 
S1B). Although some reports show collagen deposition 
in metastatic sites of mice and patients [21, 22], we did 
not detect marked collagen accumulation in the lung 
metastases (Figure 1B, right panel).

To evaluate TGF-β signaling, we determined 
expression of phospho-SMAD2 and phospho-SMAD3 
as intracellular markers of TGF-β signaling [23-25]. 
Phospho-SMAD2 was widely expressed in primary 
tumors and stroma, while phospho-SMAD3 was 
sporadically expressed in primary tumors, but not in 
stroma (Figure 1C). Phospho-SMAD2 and phospho-
SMAD3 were expressed in the lung metastatic tumors and 
also in the stroma around the large metastases, but not in 
the stroma around the micrometastases (Figure 1D and 
Supplementary Figure S1D). These observations of our 
TNBC xenograft models are consistent with TNBC-related 
fibrosis and TGF-β signaling showed previously [12-16].

CAFs promote primary tumor growth and lung 
metastasis in TNBC mouse model

CAFs have been reported to promote breast tumor 
progression in vitro and in vivo, although it has yet to be 
determined whether normal mammary fibroblasts suppress 
or promote breast cancers [26-29]. We isolated CAFs from 
tumor specimens of luminal-type breast cancer patients 

(Figure 2A, left panel). Vimentin and fibroblast activation 
protein (FAP) are markers commonly used for identification 
of CAFs, as FAP is not expressed in adult normal tissue 
[1, 6, 10, 29, 30]. The cultured cells had an elongated 
appearance and reduced cell-cell contact and expressed 
vimentin and the CAF marker FAP, but not pan-cytokeratin, 
an epithelial tumor marker (Figure 2A, middle and right 
panels and Supplementary Figure S2A and S2B). We then 
cultured CAFs derived from the TNBC xenograft tumors 
(Supplementary Figure S2C). Since the CAFs did not express 
human-specific vimentin (Supplementary Figure S2D), these 
data suggest that the dominant fibroblast population in the 
xenograft models is derived from the mouse.

We next determined the effects of CAFs on TNBC 
in vivo. We cultured CAFs derived from 4T1, a mouse 
TNBC cell line, homograft tumors (Supplementary 
Figure S2E and MATERIALS AND METHODS). When 
we transplanted 4T1 cells with or without those CAFs 
into mammary glands of BALB/c mice, CAFs promoted 
primary tumor growth (Figure 2B) and increased 
lung metastatic tumor size and numbers (Figure 2C). 
Significantly, CAFs enhanced collagen accumulation and 
increased the expression levels of phospho-SMAD3 in 
primary tumors (Figure 2D and 2E). These results suggest 
that CAFs may enhance TNBC progression through 
TGF-β activation, as described previously [1, 10, 11].

PFD has inhibitory effects on cell viability and 
collagen production in CAFs

Our data from the PDX tumors indicate that some 
TNBC have increased fibrosis and TGF-β. We therefore 
hypothesized that an anti-fibrotic agent as well as a TGF-β 
antagonist may be effective for TNBC treatment. PFD 
exhibits antifibrotic properties in a variety of in vitro and 
animal models of fibrosis [31-35], and has shown efficacy 
and safety in patients with liver fibrosis, renal fibrosis and 
idiopathic pulmonary fibrosis (IPF) [36-40]. In animal 
models of fibrosis in the lung, liver, kidney and heart, 
PFD reduces fibrosis and downregulates TGF-β and other 
molecules [33, 41-45]. We first evaluated toxicity of PFD 
in normal mammary organoids by 3D assay and confirmed 
PFD was not toxic at 100μM (Supplementary Figure S3A). 
According to previous reports, higher concentrations than 
those in our tests do not cause death of normal fibroblasts [31, 
33]. However, PFD decreased the number of live CAFs and 
increased the number of dead CAFs from tumor specimens of 
luminal-type breast cancer patients (Figure 3A).

PFD inhibited growth of mouse CAFs isolated from 
the TNBC xenograft tumors in 2D culture (Supplementary 
Figure S3B). We then dissociated TNBC xenografts and 
sorted them into CD49f+ (tumor) and CD49f- (mainly stroma) 
cell population by flow cytometry. Cell viability of both 
CD49f+ and CD49f- cells, as measured by the MTT assay, 
decreased with increasing concentrations of PFD (Figure 3B). 
Since those cells did not proliferate in the assay, this result 
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Figure 1: PDX models of TNBC exhibit enhanced collagen accumulation, activated TGF-β signaling and lung 
metastasis. A. TNBC xenograft tumors show enhanced collagen accumulation by picro-sirius red staining (left panel). Fibrillar collagen 
was quantified by picro-sirius red staining using ImageJ software. n=2-3 (right panel). B. Lung metastasis was detected in the TNBC 
xenograft model by H&E staining (left panel) and picro-sirius red staining (right panel). C. TNBC xenograft tumors were immunostained 
with anti-phospho-SMAD2 (red on left panel) and anti-phospho-SMAD3 (red on right panel) antibodies. DAPI (blue) stained nuclei. 
Phospho-SMAD2 was widely expressed in primary tumors and stroma. Phospho-SMAD3 was sporadically expressed in primary tumors, 
not in stroma. D. Lungs of the TNBC xenograft model were immunostained with anti-phospho-SMAD2 (red on left panel) and anti-
phospho-SMAD3 (red on right panel) antibodies. DAPI (blue) stained nuclei. Phospho-SMAD2 and phospho-SMAD3 were expressed in 
the lung metastatic tumors, but not the stroma around the small tumors.
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Figure 2: CAFs promote primary tumor growth and lung metastasis in TNBC mouse model. A. We cultured CAFs from 
fresh tumor specimens of breast cancer patients in a 3% O2 incubator (Bright Field, left panel). Immunofluorescence of cultured CAFs 
was conducted by using anti-vimentin (Vim, red), anti-pan-cytokeratin (pCK, green in middle panel), and anti-fibroblast activation protein 
(FAP, green in right panel) antibodies. DAPI (blue) stained nuclei. CAFs were stained with anti-vimentin and anti-FAP antibodies. B. We 
transplanted 4T1 cells (1x104) without or with CAFs (2x104) into mammary glands of BALB/c mice (n=5). Representative photographs of 
4T1 primary tumor after transplantation with or without the CAFs are shown (left panel). CAFs promoted primary tumor growth. Tumor 
volume (mm3) was measured by “V=0.52xW2xL.” W=width (mm), L=length (mm). *p<0.02 (right panel). C. Representative photographs of 
lungs showed that CAFs promoted lung metastasis. Arrows indicate visible lung metastatic tumors and a broad arrow indicates a metastatic 
lymph node in the right brachium (left panel). Volume (mm3) of single metastatic tumor was measured by “V=0.52xW2xL.” W=width 
(mm), L=length (mm). *p<0.05 (middle panel). H&E staining showed that CAFs increased lung metastatic tumor number (*p<0.02) (right 
panel). n=5. D. Representative photographs of picro-sirius red staining showed that CAFs promoted primary tumor fibrosis (left panel). 
Collagen deposition marked by picro-sirius red staining was quantified by using ImageJ software. CAFs enhanced collagen accumulation 
in primary tumors. n=5, *p<0.01 (right panel). E. Primary tumors were immunostained with an anti-phospho-SMAD3 antibody (red). DAPI 
(blue) stained nuclei. Representative photographs showed that CAFs enhanced expression level of phospho-SMAD3 in primary tumors (left 
panel). Expression levels of phospho-SMAD3 in primary tumors were quantified by using ImageJ software. n=3, *p<0.02 (right panel).
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Figure 3: PFD has inhibitory effects on cell viability and collagen production in CAFs. A. We cultured CAFs derived from 
tumor specimens of luminal-type breast cancer patients in a 3% O2 incubator and treated them with PFD in triplicate. Representative 
photographs are shown (upper panels). Total cells were stained with trypan blue on Day 4. Live cells decreased and dead cells increased with 
higher concentration of PFD (lower panels). *p<0.05, **p<0.01 compared to the control condition. B. FACS analysis was conducted from 
dissociated HCI-001 TNBC xenograft tumor cells by using anti-CD49f and anti-EpCAM antibodies and then CD49f+ cells (tumor cells) and 
CD49f- cells (mainly stromal cells) were sorted. 4,000 CD49f+ cells or 10,000 CD49f- cells were plated with each PFD concentration for 
culture and MTT assay was performed on day 15. Cell viability of CD49f+ and CD49f- cells decreased with higher concentration of PFD. 
*p<0.05, **p<0.01, ***p<0.001 compared to the control conditions. C. We cultured CAFs derived from HCI-002 TNBC xenograft tumors. 
Immunofluorescence of the cultured CAFs used an anti-collagen I (green) antibody. DAPI (blue) stained nuclei. Collagen production was 
decreased by PFD.
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indicates that PFD promotes cell death. In addition, PFD 
inhibited collagen production by mouse CAFs (Figure 3C). 
These results show that PFD is an effective regulator of both 
CAF viability and collagen production in culture.

PFD inhibits TNBC growth induced by CAFs

Since CAFs can promote cancer progression [1, 7-10], 
we examined the effects of PFD on tumor-stromal 
interaction in 3D co-culture assays of the mouse CAFs 
(see Supplementary Figure S2C) and 4T1 cells. We 

observed that CAFs enhanced tumor growth. Interestingly, 
PFD had little inhibitory effect on the 4T1 tumor without 
CAFs, but strongly inhibited the tumor growth induced 
by CAFs (Figure 4A). We then characterized the nature of 
the inhibition by immunofluorescence of tumor cells and 
CAFs in the 3D co-culture. Using phospho-histone H3 and 
cleaved caspase-3 antibodies we observed that PFD induced 
apoptosis of both tumor and CAFs (Figure 4B), but did not 
inhibit tumor cell mitosis (Supplementary Figure S4).

Since TGF-β is important for the tumor-stromal 
interaction [1, 10, 11, 46] and PFD can inhibit TGF-β 

Figure 4: Pirfenidone inhibits TNBC growth induced by CAFs. We cultured CAFs derived from TNBC xenograft tumors 
(HCI-001), and 3D co-culture assayed the CAFs and aggregated 4T1 cells (tumor cluster) in Matrigel. A. We examined the effects of 
PFD (triplicate). CAFs increased the tumor cluster size and PFD inhibited the size increased by CAFs (left panel). Also, CAFs increased 
the number of tumor clusters and PFD decreased the tumor cluster number increased by CAFs (right panel). *p<0.05 compared to tumor 
(0 μM). **p<0.05 or ***p<0.02 compared to 0 μM (Tumor + CAFs). B. We conducted immunofluorescence of the 3D Matrigel cultures 
by using anti-pan-cytokeratin (pCK, green, left panel), anti-vimentin (Vim, red, middle panel) and cleaved caspase-3 (cCSP3, red, left 
and green, middle panels, respectively) antibodies. DAPI (blue) stained nuclei. 4T1 tumor cells expressed both pan-cytokeratin and 
vimentin, and CAFs expressed vimentin. Therefore, pan-cytokeratin+ cells were 4T1 cells, and vimentin+ cells were either 4T1 cells or 
CAFs. Double-negative cells were regarded as other cell type. We counted the numbers of those cells (except 4T1 tumor clusters) with 
cleaved caspase-3 (representative photographs in left and middle panels) and quantified each apoptotic cells (right panel). We found that 
PFD induced apoptosis of 4T1 tumor cells and CAFs. C. We examined the effects of a TGF-β inhibitor (SB431542) in the 3D co-culture 
assay (triplicate). PFD decreased the tumor cluster size (left panel) and the tumor cluster number (right panel). *p<0.05 compared to tumor 
(0 μM). **p<0.01 compared to 0 μM (Tumor + CAFs).



Oncotarget82895www.impactjournals.com/oncotarget

[33, 41-45], we hypothesized that TGF-β inhibition by 
PFD is the mechanism of the suppressive interaction. We 
found that a specific TGF-β inhibitor, SB431542, inhibited 
the tumor growth induced by CAFs, but not growth 
without CAFs in the same 3D co-culture assay (Figure 
4C). Those findings suggest that PFD inhibits TNBC 
growth by targeting TGF-β in tumor-stromal interaction.

PFD inhibits primary tumor growth and lung 
metastasis in combination with doxorubicin in 
TNBC mouse model

We next tested the effects of PFD on TNBC in vivo 
using the 4T1 mouse model. Prior to in vivo experiments, 
we verified that CAFs from 4T1 homograft tumors 
enhanced tumor growth, while PFD inhibited the tumor 
growth induced by the CAFs in 3D co-culture assay 
(Supplementary Figure S5A). We then transplanted 4T1 
cells and CAFs into the mammary glands of BALB/c 
mice. We administered PFD (50 mg/kg) or water orally 
two times per day. We also tested the interaction of PFD 
treatment with chemotherapy by injecting doxorubicin 
(4 mg/kg) in the tail vein on days 0 and 19. While PFD 
alone did not inhibit the primary tumor growth (Figure 
5A), doxorubicin alone inhibited primary tumor growth, 
and PFD together with doxorubicin inhibited tumor 
growth synergistically (Figure 5A). PFD or doxorubicin 
alone did not reduce the number of lung metastatic 
tumors (Figure 5B). However, PFD in combination with 
doxorubicin inhibited lung metastasis significantly (Figure 
5B). In a second experimental protocol, we administered 
an increased concentration of PFD (100 mg/kg) two times 
per day in combination with doxorubicin and found an 
even more marked decrease in lung metastatic tumor 
numbers and weight compared to control (Supplementary 
Figure S5B).

We next determined the effect of PFD inhibition 
of CAFs on apoptosis, collagen accumulation and 
phospho-SMAD3 expression in the primary tumors. 
Although treatment of the mice with PFD had no effect 
on apoptosis in α-SMA+ CAFs and tumor cells (data not 
shown), it decreased CAFs significantly (Supplementary 
Figure S5C). Treatment of the mice with doxorubicin 
enhanced collagen accumulation (Figure 5C). However, 
treatment of the mice with PFD or PFD plus doxorubicin 
inhibited collagen accumulation significantly (Figure 5C). 
Phospho-SMAD3 expression levels paralleled the collagen 
accumulation levels (Figure 5D). Therefore, we suggest 
that simultaneous inhibition of TGF-β by PFD along 
with chemotherapy with doxorubicin may overcome the 
activation of TGF-β and enhance therapeutic effects of 
treatment for TNBC. Taken together, our findings indicate 
that downregulating TGF-β signaling pathway with PFD 
in combination with doxorubicin can inhibit tumor-stromal 
interaction, collagen accumulation and suppress TNBC 
progression.

DISCUSSION

The importance of the microenvironment for 
the response to cancer therapy is an emerging field. 
While many studies have targeted angiogenesis and 
inflammation/immune function, several investigations 
recently have focused on stromal collagenous extracellular 
matrix and CAFs as potential targets [27, 47-58]. In this 
study, we showed that PFD inhibited tumor growth of 
TNBC in vitro by targeting CAFs. In vivo, PFD inhibited 
the tumor growth and lung metastasis synergistically in 
combination with doxorubicin.

We observed that mouse CAFs promoted tumor 
progression in vitro and in vivo as previously reported 
[1, 6-10]. This occurred in both PDX models in NOD/
SCID immunosuppressed mice and 4T1 tumors in 
immunosufficient Balb/C mice. TGF-β signaling was 
activated both in the tumor cells and the stroma of 
the xenograft tumors (Figure 1C). This is in keeping 
with previous studies showing that TGF-β signaling in 
fibroblasts is important to promote tumor growth [46]. 
Since 4T1 cells express high levels of TGF-β [59], it is 
likely that tumor-induced TGF-β promoted transformation 
of mouse fibroblasts into CAFs in vivo. This hypothesis is 
supported by our finding that PFD, which inhibits TGF-β, 
promoted cell death and suppressed collagen production 
in cultured CAFs, as seen previously in in vitro studies of 
fibroblasts [31-35].

Our 3D co-culture assays show that PFD strongly 
inhibited tumor growth promoted by CAFs but had little 
inhibitory effect on tumor growth without CAFs. These 
findings suggest that PFD inhibits TNBC growth more 
effectively by targeting tumor-stromal interaction than 
by targeting the tumor itself. PDGF-A and HGF are also 
reported to be molecular targets of PFD for pancreatic 
tumor-stromal interactions [60]. However, we focused 
on TGF-β signaling in TNBC progression and found 
that CAFs activated the TGF-β signaling pathway and 
promoted tumor growth. While SB431542, a TGF-β 
antagonist, inhibited the tumor growth promoted by 
CAFs, it did not inhibit tumor growth without CAFs. 
Taken together, these results suggest that TGF-β 
pathway regulated by CAFs is a molecular target 
of PFD.

PFD monotherapy at 50 mg/kg in mice (equivalent 
to the dose used in human) inhibited the CAF number 
significantly and tumor fibrosis and TGF-β signaling 
strongly, but had no effect on tumor growth or lung 
metastasis. Since TGF-β inhibitors can suppress primary 
tumor growth and metastasis in vivo [59, 61], it is possible 
that PFD monotherapy might inhibit cancer progression 
at a higher dose. Indeed, 500 mg/kg/day of PFD 
monotherapy suppresses the growth of pancreatic tumors 
transplanted with stellate cells orthotopically into mice 
[60]. Whether this effect occurs in other tumor types or at 
other doses has yet to be determined.
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Figure 5: Pirfenidone inhibits primary tumor growth and lung metastasis in combination with doxorubicin in TNBC 
mouse model. We transplanted 4T1 cells (1x104) and 4T1-stimulated CAFs (2x104) into mammary glands of BALB/c mice (n=5-6). 
PFD (50 mg/kg) or water was orally administered two times per day and doxorubicin (4 mg/kg) or PBS was injected from the mouse tail 
vain on day 0 and 19. A. Representative photographs of primary tumors after the treatments (Day 37) (left panel). Tumor volume (mm3) 
was measured by “V=0.52xW2xL.” W=width (mm), L=length (mm). PFD had no effect on primary tumor growth, but inhibited the tumor 
growth synergistically in combination with doxorubicin. *p<0.05, **p<0.01, ***p<0.001 (right panel). B. Representative photographs 
of lung after the treatments (Day 37) (left panel). Visible lung metastatic tumor numbers in five lobes were counted. PFD decreased the 
lung metastatic tumor numbers in combination with doxorubicin, but PFD monotherapy did not decrease the numbers. *p<0.02 (middle 
panel). Total lung weight was measured. PFD decreased tumor weight in combination with doxorubicin though PFD monotherapy did 
not decrease the weight. **p<0.002 (right panel). C. Representative photographs of primary tumors by picro-sirius red staining showed 
that doxorubicin enhanced and PFD inhibited collagen accumulation in primary tumors (left panel). Collagen deposition visualized by 
picro-sirius red staining was quantified by using ImageJ software. n=3, *p<0.01, **p<0.02, ***p<0.05 (right panel). D. Primary tumors 
were immunostained with an anti-phospho-SMAD3 antibody (red). DAPI (blue) stained nuclei (left panel). Expression levels of phospho-
SMAD3 were quantified by using ImageJ software. Doxorubicin enhanced and PFD inhibited phospho-SMAD3 levels in primary tumors. 
n=4, *p<0.02, **p<0.01 (right panel).
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Doxorubicin has antitumor activities by the 
disruption of topoisomerase-II-mediated DNA repair and 
the generation of free radicals [62] and also activates 
TGF-β signaling (Figure 5D and [61]). In clinical 
treatment for breast cancer, doxorubicin (60 mg/m2) is 
administered intravenously every 3 weeks for 4 cycles 
[63, 64]. Since we observed that doxorubicin monotherapy 
inhibited primary tumor growth but not lung metastasis 
of TNBC, our data support the hypothesis that activation 
of TGF-β signaling by doxorubicin can lead to collagen 
accumulation but cannot suppress lung metastasis [21]. 
However, the combination therapy of doxorubicin and 
PFD inhibited primary tumor growth synergistically 
and lung metastasis significantly as seen previously for 
doxorubicin in combination with a competitive TGF-β RI 
inhibitor [61]. We suggest that simultaneous inhibition 
of TGF-β by PFD along with TGF-β activation as well 
as antitumor activities by doxorubicin may be important 
as mechanisms of synergistic effects of the combination 
therapy. Interestingly, chemotherapy-induced TGF-β 
signaling activation and TGF-β inhibitors prevent the 
development of drug-resistant cancer stem-like cells in 
TNBC [65]. TGF-β promotes breast cancer cell outgrowth 
from dormancy in metastatic sites, and our PDX models 
implicate TGF-β signaling activation in metastasis-
initiating cells [20, 66], suggesting that combination 
therapy of doxorubicin and PFD may have additional 
inhibitory effects on metastasis-initiating cells.

Since the combination therapy of doxorubicin and 
PFD may have inhibitory effects on primary tumor growth 
and metastasis, it has great potential for a novel clinically 
applicable TNBC therapy that targets tumor-stromal 
interaction.

MATERIALS AND METHODS

Mouse transplantation models

All animal protocols were reviewed and approved 
by the UCSF IACUC. Mice were maintained under 
pathogen-free conditions in the UCSF barrier facility. 
PDX tumor tissues from TNBC patients were acquired 
from the laboratory of A. Welm [19] and engrafted in the 
mammary glands of immunodeficient NOD/SCID mice 
(Charles River Laboratories). After the engrafted tumors 
grew, they removed and cells separated for CAF culture.

We transplanted 4T1-GFP TNBC cells into 
cleared mammary fat pads of BALB/c mice (Simonsen 
Laboratories, Inc.). After three weeks, mammary tissues 
near the tumors were isolated, digested with collagenase I 
and IV and trypsin, and plated on dishes for culture. Cells 
grew in 2 weeks and GFP- cells (CAFs) were isolated 
by flow cytometry to remove the contaminated 4T1-
GFP tumor cells. 4T1 cells (1x104) without or with the 
CAFs (2x104) were injected in a 10-μl volume of 1:1 v/v 
Matrigel:DMEM/F12 medium into the inguinal mammary 

glands of BALB/c mice. Two dose protocols were used 
as indicated: 50 mg/kg or 100 mg/kg pirfenidone (Cipla 
Pharmaceuticals Ltd. Pirfenex) was orally administered 
two times a day. 4 mg/kg doxorubicin (LC Laboratories) 
or PBS was injected into the mouse tail vain on days 0 and 
19 in the first protocol and on day 1 and 23 in the second 
protocol. Tumor volumes (mm3) were calculated using the 
formula: V = 0.52×W2×L. W=width (mm), L=length (mm).

Cell culture

Pirfenidone (Sigma-Aldrich #P2166) was used 
for in vitro experiments. Tumor specimens of breast 
cancer patients from UCSF Medical Center (courtesy of 
Dr. H. Rugo) and xenograft tumors were digested with 
collagenase I and IV and trypsin, and plated on dishes 
for CAF culture. CAFs were grown in ACL4 + 5% FBS 
medium [67]. The cells were stained with trypan blue to 
detect live and dead cells.

MDA-MB231 cells were obtained from UCSF Cell 
Culture Facility. Murine TNBC 4T1 cell line was obtained 
from the American Type Culture Collection (ATCC) and 
labeled with GFP for transplantation. The cells were fixed 
with 4% PFA for immunocytochemistry.

Histology

Tumor and lung tissues were fixed in 4% PFA 
overnight and paraffin processed. We cut 5-μm sections 
from paraffin-embedded blocks. Standard hematoxylin and 
eosin (H&E) staining was performed for routine histology. 
Picrosirius red staining was performed as previously 
described and fibrillar collagen visualized using crossed 
polarizers [54, 68].

Immunohistochemistry was performed as described 
below.

3D assay

Mammary glands of FVB/n mice were digested 
with collagenase. Organoids were collected by brief 
centrifugation and digested with trypsin to dissociate 
into single mammary epithelial cells (MECs) [69, 70]. 
The single MECs or 4T1 cells (5 x 104 per well) were 
aggregated overnight on ultralow attachment plates 
(Corning). The aggregated MECs or the aggregated 4T1 
cells + CAFs (2.5 x 104 per well) were embedded into 
growth-factor-reduced Matrigel (BD Biosciences) and 
grown in serum-free media supplemented with insulin-
transferrin (Invitrogen) and 2.5nM FGF2 (Sigma) as 
previously described [71]. SB431542 (Sigma-Aldrich), 
a potent and selective inhibitor of transforming growth 
factor-β (TGF-β) superfamily type I activin receptor-like 
kinase (ALK) receptors, and pirfenidone (P2166) were 
used for 3D assay. 3D Matrigel was fixed with methanol/
acetone at -20°C and embedded into OCT for frozen 
sections.
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Immunofluorescence

Immunofluorescence of fixed paraffin-embedded 
tissue sections, fixed cells and frozen sections of fixed 
cultures in Matrigel was performed using the following 
antibodies at the indicated concentrations: phospho-
SMAD2 (Cell Signaling #3101, 1:50), phospho-
SMAD3 (Cell Signaling #9520, 1:50), TGF-β1 (Santa 
Cruz Biotechnology #sc146, 1:50), pan-cytokeratin 
(Sigma-Aldrich #C2562, 1:500), vimentin (Sigma 
#V5255, 1:200), human specific vimentin [V9] (Abcam 
#ab8069, 1:100), fibroblast activation protein (FAP) 
alpha (Abcam #ab53066, 1:200), alpha-smooth muscle 
actin (α-SMA) Cy3 conjugate (Sigma #C6198, 1:250), 
collagen I (Novus Biologicals #NB100-92161, 1:100), 
cleaved caspase-3 (Cell Signaling #9661, 1:200), 
phospho-histone H3 (Cell Signaling #9701, 1:100), 
goat anti-mouse IgM μ chain Cy3 conjugate (Jackson 
ImmunoResearch #115-166-075, 1:200), Alexa 488 
anti-mouse, 488 anti-rabbit, 568 anti-rabbit, 647 anti-
rabbit secondary antibodies (Molecular Probes A24920, 
A24922, A21069, A21245, 1:500). Nuclei were stained 
with DAPI (Vector Laboratories H-1200). Confocal 
microscopy was performed on a Nikon C1si confocal 
microscope.

Flow cytometry analysis and cell sorting

TNBC xenograft tumors were digested with 
collagenase. Organoids were collected by brief 
centrifugation and digested with trypsin to dissociate into 
single cells. The cells were stained with antibodies against 
CD49f and EpCAM (eBioscience) for flow cytometry as 
described previously [72]. Cell sorting was performed 
on FACS Aria II (Becton Dickinson), and analysed using 
FACSDiva software (BD Biosciences).

Cell viability assay

Cell viability was measured using the CellTiter 
MTT Assay according to the manufacturer’s instructions 
(Promega). Sorted cells were plated in triplicate and 
incubated with PFD for 15 days, and attenuance at 
590nm was read on sequential days using a plate reader 
(Bio-Rad).

Lung metastasis analysis

To determine whether CAFs increased lung 
metastatic tumor frequency in vivo, lung tissue blocks 
were sectioned into 5-μm sections and stained by H&E. 
For each mouse analyzed, one section was scored for 
number of metastases per lobe. To test the effects of PFD 
on lung metastasis in vivo, lungs were harvested from each 
mouse, and then the weight was measured and the visible 
tumor number was counted.

Statistical analysis

Statistical analysis was conducted using Prism 
4 software (Graph Pad Software, Inc.). Statistical 
significance between two groups was calculated using 
Student’s t test and P values lower than 0.05 were 
considered significant.

ACKNOWLEDGMENTS

We thank Y. Yu and Y. Yui for help with the mice and 
M. Matsuoka, J. Yasunaga, K. Shimura and T. Kawakami 
for technical assistance.

CONFLICTS OF INTEREST

The authors declare no conflict of interest.

FUNDING

This work was supported by UCSF Breast 
Oncology Program/Breast SPORE grant (P01 CA058207) 
and NCI grants (R01 CA057621 to Z.W. and R01 
CA138818 to V.W.).

REFERENCES

1. Kalluri R and Zeisberg M. Fibroblasts in cancer. Nat Rev 
Cancer. 2006; 6:392-401.

2. Sternlicht MD, Lochter A, Sympson CJ, Huey B, Rougier 
JP, Gray JW, Pinkel D, Bissell MJ and Werb Z. The stromal 
proteinase MMP3/stromelysin-1 promotes mammary 
carcinogenesis. Cell. 1999; 98:137-146.

3. Radisky DC, Kenny PA and Bissell MJ. Fibrosis and cancer: 
do myofibroblasts come also from epithelial cells via EMT? 
J Cell Biochem. 2007; 101:830-839.

4. Egeblad M, Rasch MG and Weaver VM. Dynamic interplay 
between the collagen scaffold and tumor evolution. Curr 
Opin Cell Biol. 2010; 22:697-706.

5. Hasebe T. Tumor-stromal interactions in breast tumor 
progression--significance of histological heterogeneity of 
tumor-stromal fibroblasts. Expert Opin Ther Targets. 2013; 
17:449-460.

6. Jacob M, Chang L and Pure E. Fibroblast activation protein 
in remodeling tissues. Curr Mol Med. 2012; 12:1220-1243.

7. Liao D, Luo Y, Markowitz D, Xiang R and Reisfeld 
RA. Cancer associated fibroblasts promote tumor 
growth and metastasis by modulating the tumor immune 
microenvironment in a 4T1 murine breast cancer model. 
PLoS One. 2009; 4:e7965.

8. Tyan SW, Kuo WH, Huang CK, Pan CC, Shew JY, Chang 
KJ, Lee EY and Lee WH. Breast cancer cells induce cancer-
associated fibroblasts to secrete hepatocyte growth factor to 
enhance breast tumorigenesis. PLoS One. 2011; 6:e15313.



Oncotarget82899www.impactjournals.com/oncotarget

9. Karagiannis GS, Poutahidis T, Erdman SE, Kirsch 
R, Riddell RH and Diamandis EP. Cancer-associated 
fibroblasts drive the progression of metastasis through both 
paracrine and mechanical pressure on cancer tissue. Mol 
Cancer Res. 2012; 10:1403-1418.

10. Marsh T, Pietras K and McAllister SS. Fibroblasts as 
architects of cancer pathogenesis. Biochim Biophys Acta. 
2013; 1832:1070-1078.

11. Bhowmick NA, Chytil A, Plieth D, Gorska AE, Dumont N, 
Shappell S, Washington MK, Neilson EG and Moses HL. 
TGF-beta signaling in fibroblasts modulates the oncogenic 
potential of adjacent epithelia. Science. 2004; 303:848-851.

12. Kreike B, van Kouwenhove M, Horlings H, Weigelt 
B, Peterse H, Bartelink H and van de Vijver MJ. Gene 
expression profiling and histopathological characterization 
of triple-negative/basal-like breast carcinomas. Breast 
Cancer Res. 2007; 9:R65.

13. Bierie B and Moses HL. Tumour microenvironment: 
TGFbeta: the molecular Jekyll and Hyde of cancer. Nat Rev 
Cancer. 2006; 6:506-520.

14. Bierie B, Stover DG, Abel TW, Chytil A, Gorska AE, 
Aakre M, Forrester E, Yang L, Wagner KU and Moses 
HL. Transforming growth factor-beta regulates mammary 
carcinoma cell survival and interaction with the adjacent 
microenvironment. Cancer Res. 2008; 68:1809-1819.

15. Kuo WH, Chang YY, Lai LC, Tsai MH, Hsiao CK, 
Chang KJ and Chuang EY. Molecular characteristics and 
metastasis predictor genes of triple-negative breast cancer: 
a clinical study of triple-negative breast carcinomas. PLoS 
One. 2012; 7:e45831.

16. Tan AR, Alexe G and Reiss M. Transforming growth factor-
beta signaling: emerging stem cell target in metastatic breast 
cancer? Breast Cancer Res Treat. 2009; 115:453-495.

17. Macias-Barragan J, Sandoval-Rodriguez A, Navarro-
Partida J and Armendariz-Borunda J. The multifaceted role 
of pirfenidone and its novel targets. Fibrogenesis Tissue 
Repair. 2010; 3:16.

18. Schaefer CJ, Ruhrmund DW, Pan L, Seiwert SD and 
Kossen K. Antifibrotic activities of pirfenidone in animal 
models. Eur Respir Rev. 2011; 20:85-97.

19. DeRose YS, Wang G, Lin YC, Bernard PS, Buys SS, Ebbert 
MT, Factor R, Matsen C, Milash BA, Nelson E, Neumayer 
L, Randall RL, Stijleman IJ, et al. Tumor grafts derived 
from women with breast cancer authentically reflect tumor 
pathology, growth, metastasis and disease outcomes. Nat 
Med. 2011; 17:1514-1520.

20. Lawson DA, Bhakta NR, Kessenbrock K, Prummel KD, 
Yu Y, Takai K, Zhou A, Eyob H, Balakrishnan S, Wang CY, 
Yaswen P, Goga A and Werb Z. Single-cell analysis reveals 
a stem-cell program in human metastatic breast cancer cells. 
Nature. 2015; 526:131-135.

21. Barkan D, El Touny LH, Michalowski AM, Smith JA, Chu 
I, Davis AS, Webster JD, Hoover S, Simpson RM, Gauldie 
J and Green JE. Metastatic growth from dormant cells 

induced by a col-I-enriched fibrotic environment. Cancer 
Res. 2010; 70:5706-5716.

22. Rizwan A, Bulte C, Kalaichelvan A, Cheng M, 
Krishnamachary B, Bhujwalla ZM, Jiang L and Glunde K. 
Metastatic breast cancer cells in lymph nodes increase nodal 
collagen density. Sci Rep. 2015; 5:10002.

23. de Caestecker MP, Piek E and Roberts AB. Role of 
transforming growth factor-beta signaling in cancer. J Natl 
Cancer Inst. 2000; 92:1388-1402.

24. Moses H and Barcellos-Hoff MH. TGF-beta biology in 
mammary development and breast cancer. Cold Spring 
Harb Perspect Biol. 2011; 3:a003277.

25. Heldin CH and Moustakas A. Role of Smads in TGFbeta 
signaling. Cell Tissue Res. 2012; 347:21-36.

26. Shekhar MP, Werdell J, Santner SJ, Pauley RJ and Tait L. 
Breast stroma plays a dominant regulatory role in breast 
epithelial growth and differentiation: implications for 
tumor development and progression. Cancer Res. 2001; 
61:1320-1326.

27. Kraman M, Bambrough PJ, Arnold JN, Roberts EW, 
Magiera L, Jones JO, Gopinathan A, Tuveson DA and 
Fearon DT. Suppression of antitumor immunity by stromal 
cells expressing fibroblast activation protein-alpha. Science. 
2010; 330:827-830.

28. Dumont N, Liu B, Defilippis RA, Chang H, Rabban JT, 
Karnezis AN, Tjoe JA, Marx J, Parvin B and Tlsty TD. Breast 
fibroblasts modulate early dissemination, tumorigenesis, 
and metastasis through alteration of extracellular matrix 
characteristics. Neoplasia. 2013; 15:249-262.

29. Buchsbaum RJ and Oh SY. Breast Cancer-Associated 
Fibroblasts: Where We Are and Where We Need to Go. 
Cancers (Basel). 2016; 8.

30. Scanlan MJ, Raj BK, Calvo B, Garin-Chesa P, Sanz-
Moncasi MP, Healey JH, Old LJ and Rettig WJ. Molecular 
cloning of fibroblast activation protein alpha, a member of 
the serine protease family selectively expressed in stromal 
fibroblasts of epithelial cancers. Proc Natl Acad Sci U S A. 
1994; 91:5657-5661.

31. Shi Q, Liu X, Bai Y, Cui C, Li J, Li Y, Hu S and Wei Y. 
In vitro effects of pirfenidone on cardiac fibroblasts: 
proliferation, myofibroblast differentiation, migration and 
cytokine secretion. PLoS One. 2011; 6:e28134.

32. Hewitson TD, Kelynack KJ, Tait MG, Martic M, Jones CL, 
Margolin SB and Becker GJ. Pirfenidone reduces in vitro 
rat renal fibroblast activation and mitogenesis. J Nephrol. 
2001; 14:453-460.

33. Di Sario A, Bendia E, Svegliati Baroni G, Ridolfi F, Casini 
A, Ceni E, Saccomanno S, Marzioni M, Trozzi L, Sterpetti 
P, Taffetani S and Benedetti A. Effect of pirfenidone on rat 
hepatic stellate cell proliferation and collagen production. J 
Hepatol. 2002; 37:584-591.

34. Ozes ON and Blatt LM. Development of a high throughput 
collagen assay using a cellular model of idiopathic 
pulmonary fibrosis. Chest. 2006; 130:230S-230S.



Oncotarget82900www.impactjournals.com/oncotarget

35. Nakayama S, Mukae H, Sakamoto N, Kakugawa T, 
Yoshioka S, Soda H, Oku H, Urata Y, Kondo T, Kubota H, 
Nagata K and Kohno S. Pirfenidone inhibits the expression 
of HSP47 in TGF-beta1-stimulated human lung fibroblasts. 
Life Sci. 2008; 82:210-217.

36. Armendariz-Borunda J, Islas-Carbajal MC, Meza-Garcia E, 
Rincon AR, Lucano S, Sandoval AS, Salazar A, Berumen J, 
Alvarez A, Covarrubias A, Arechiga G and Garcia L. A pilot 
study in patients with established advanced liver fibrosis 
using pirfenidone. Gut. 2006; 55:1663-1665.

37. Cho ME, Smith DC, Branton MH, Penzak SR and Kopp 
JB. Pirfenidone slows renal function decline in patients 
with focal segmental glomerulosclerosis. Clin J Am Soc 
Nephrol. 2007; 2:906-913.

38. Raghu G, Johnson WC, Lockhart D and Mageto Y. 
Treatment of idiopathic pulmonary fibrosis with a new 
antifibrotic agent, pirfenidone: results of a prospective, 
open-label Phase II study. Am J Respir Crit Care Med. 
1999; 159:1061-1069.

39. Azuma A, Nukiwa T, Tsuboi E, Suga M, Abe S, Nakata 
K, Taguchi Y, Nagai S, Itoh H, Ohi M, Sato A and Kudoh 
S. Double-blind, placebo-controlled trial of pirfenidone in 
patients with idiopathic pulmonary fibrosis. Am J Respir 
Crit Care Med. 2005; 171:1040-1047.

40. Noble PW, Albera C, Bradford WZ, Costabel U, Glassberg 
MK, Kardatzke D, King TE, Jr., Lancaster L, Sahn SA, 
Szwarcberg J, Valeyre D and du Bois RM. Pirfenidone in 
patients with idiopathic pulmonary fibrosis (CAPACITY): 
two randomised trials. Lancet. 2011; 377:1760-1769.

41. Oku H, Shimizu T, Kawabata T, Nagira M, Hikita I, Ueyama 
A, Matsushima S, Torii M and Arimura A. Antifibrotic 
action of pirfenidone and prednisolone: different effects 
on pulmonary cytokines and growth factors in bleomycin-
induced murine pulmonary fibrosis. Eur J Pharmacol. 2008; 
590:400-408.

42. Garcia L, Hernandez I, Sandoval A, Salazar A, Garcia J, 
Vera J, Grijalva G, Muriel P, Margolin S and Armendariz-
Borunda J. Pirfenidone effectively reverses experimental 
liver fibrosis. J Hepatol. 2002; 37:797-805.

43. Shimizu T, Fukagawa M, Kuroda T, Hata S, Iwasaki Y, 
Nemoto M, Shirai K, Yamauchi S, Margolin SB, Shimizu 
F and Kurokawa K. Pirfenidone prevents collagen 
accumulation in the remnant kidney in rats with partial 
nephrectomy. Kidney Int Suppl. 1997; 63:S239-243.

44. Shimizu T, Kuroda T, Hata S, Fukagawa M, Margolin SB and 
Kurokawa K. Pirfenidone improves renal function and fibrosis 
in the post-obstructed kidney. Kidney Int. 1998; 54:99-109.

45. Lee KW, Everett THt, Rahmutula D, Guerra JM, Wilson E, 
Ding C and Olgin JE. Pirfenidone prevents the development 
of a vulnerable substrate for atrial fibrillation in a canine 
model of heart failure. Circulation. 2006; 114:1703-1712.

46. Verona EV, Elkahloun AG, Yang J, Bandyopadhyay A, Yeh 
IT and Sun LZ. Transforming growth factor-beta signaling 
in prostate stromal cells supports prostate carcinoma growth 

by up-regulating stromal genes related to tissue remodeling. 
Cancer Res. 2007; 67:5737-5746.

47. Quail DF and Joyce JA. Microenvironmental regulation 
of tumor progression and metastasis. Nat Med. 2013; 
19:1423-1437.

48. Vasudev NS and Reynolds AR. Anti-angiogenic therapy for 
cancer: current progress, unresolved questions and future 
directions. Angiogenesis. 2014; 17:471-494.

49. Ellis LM and Hicklin DJ. VEGF-targeted therapy: 
mechanisms of anti-tumour activity. Nat Rev Cancer. 2008; 
8:579-591.

50. Rayburn ER, Ezell SJ and Zhang R. Anti-Inflammatory 
Agents for Cancer Therapy. Mol Cell Pharmacol. 2009; 
1:29-43.

51. Mahoney KM, Rennert PD and Freeman GJ. Combination 
cancer immunotherapy and new immunomodulatory targets. 
Nat Rev Drug Discov. 2015; 14:561-584.

52. Chen L and Han X. Anti-PD-1/PD-L1 therapy of human 
cancer: past, present, and future. J Clin Invest. 2015; 
125:3384-3391.

53. Lohela M, Casbon AJ, Olow A, Bonham L, Branstetter D, 
Weng N, Smith J and Werb Z. Intravital imaging reveals 
distinct responses of depleting dynamic tumor-associated 
macrophage and dendritic cell subpopulations. Proc Natl 
Acad Sci U S A. 2014; 111:E5086-5095.

54. Levental KR, Yu H, Kass L, Lakins JN, Egeblad M, Erler 
JT, Fong SF, Csiszar K, Giaccia A, Weninger W, Yamauchi 
M, Gasser DL and Weaver VM. Matrix crosslinking forces 
tumor progression by enhancing integrin signaling. Cell. 
2009; 139:891-906.

55. Loeffler M, Kruger JA, Niethammer AG and Reisfeld RA. 
Targeting tumor-associated fibroblasts improves cancer 
chemotherapy by increasing intratumoral drug uptake. J 
Clin Invest. 2006; 116:1955-1962.

56. Zhou L, Yang K, Andl T, Wickett RR and Zhang Y. 
Perspective of Targeting Cancer-Associated Fibroblasts in 
Melanoma. J Cancer. 2015; 6:717-726.

57. Murakami M, Ernsting MJ, Undzys E, Holwell N, Foltz 
WD and Li SD. Docetaxel conjugate nanoparticles that 
target alpha-smooth muscle actin-expressing stromal cells 
suppress breast cancer metastasis. Cancer Res. 2013; 
73:4862-4871.

58. Mercier I, Camacho J, Titchen K, Gonzales DM, Quann 
K, Bryant KG, Molchansky A, Milliman JN, Whitaker-
Menezes D, Sotgia F, Jasmin JF, Schwarting R, Pestell 
RG, et al. Caveolin-1 and accelerated host aging in the 
breast tumor microenvironment: chemoprevention with 
rapamycin, an mTOR inhibitor and anti-aging drug. Am J 
Pathol. 2012; 181:278-293.

59. Liu J, Liao S, Diop-Frimpong B, Chen W, Goel S, Naxerova 
K, Ancukiewicz M, Boucher Y, Jain RK and Xu L. TGF-
beta blockade improves the distribution and efficacy of 
therapeutics in breast carcinoma by normalizing the tumor 
stroma. Proc Natl Acad Sci U S A. 2012; 109:16618-16623.



Oncotarget82901www.impactjournals.com/oncotarget

60. Kozono S, Ohuchida K, Eguchi D, Ikenaga N, Fujiwara 
K, Cui L, Mizumoto K and Tanaka M. Pirfenidone inhibits 
pancreatic cancer desmoplasia by regulating stellate cells. 
Cancer Res. 2013; 73:2345-2356.

61. Bandyopadhyay A, Wang L, Agyin J, Tang Y, Lin S, Yeh IT, 
De K and Sun LZ. Doxorubicin in combination with a small 
TGFbeta inhibitor: a potential novel therapy for metastatic 
breast cancer in mouse models. PLoS One. 2010; 5:e10365.

62. Thorn CF, Oshiro C, Marsh S, Hernandez-Boussard 
T, McLeod H, Klein TE and Altman RB. Doxorubicin 
pathways: pharmacodynamics and adverse effects. 
Pharmacogenet Genomics. 2011; 21:440-446.

63. Hortobagyi GN. Treatment of breast cancer. N Engl J Med. 
1998; 339:974-984.

64. Fisher B, Anderson S, Tan-Chiu E, Wolmark N, Wickerham 
DL, Fisher ER, Dimitrov NV, Atkins JN, Abramson N, 
Merajver S, Romond EH, Kardinal CG, Shibata HR, et al. 
Tamoxifen and chemotherapy for axillary node-negative, 
estrogen receptor-negative breast cancer: findings from 
National Surgical Adjuvant Breast and Bowel Project B-23. 
J Clin Oncol. 2001; 19:931-942.

65. Bhola NE, Balko JM, Dugger TC, Kuba MG, Sanchez V, 
Sanders M, Stanford J, Cook RS and Arteaga CL. TGF-
beta inhibition enhances chemotherapy action against triple-
negative breast cancer. J Clin Invest. 2013; 123:1348-1358.

66. Ghajar CM, Peinado H, Mori H, Matei IR, Evason KJ, 
Brazier H, Almeida D, Koller A, Hajjar KA, Stainier DY, 
Chen EI, Lyden D and Bissell MJ. The perivascular niche 

regulates breast tumour dormancy. Nat Cell Biol. 2013; 
15:807-817.

67. Brower M, Carney DN, Oie HK, Gazdar AF and Minna 
JD. Growth of cell lines and clinical specimens of human 
non-small cell lung cancer in a serum-free defined medium. 
Cancer Res. 1986; 46:798-806.

68. Egeblad M, Nakasone ES and Werb Z. Tumors as organs: 
complex tissues that interface with the entire organism. Dev 
Cell. 2010; 18:884-901.

69. Fata JE, Mori H, Ewald AJ, Zhang H, Yao E, Werb Z and 
Bissell MJ. The MAPK(ERK-1,2) pathway integrates 
distinct and antagonistic signals from TGFalpha and FGF7 
in morphogenesis of mouse mammary epithelium. Dev 
Biol. 2007; 306:193-207.

70. Ewald AJ, Brenot A, Duong M, Chan BS and Werb Z. 
Collective epithelial migration and cell rearrangements 
drive mammary branching morphogenesis. Dev Cell. 2008; 
14:570-581.

71. Chou J, Lin JH, Brenot A, Kim JW, Provot S and Werb 
Z. GATA3 suppresses metastasis and modulates the 
tumour microenvironment by regulating microRNA-29b 
expression. Nat Cell Biol. 2013; 15:201-213.

72. Lim E, Vaillant F, Wu D, Forrest NC, Pal B, Hart AH, 
Asselin-Labat ML, Gyorki DE, Ward T, Partanen A, 
Feleppa F, Huschtscha LI, Thorne HJ, et al. Aberrant 
luminal progenitors as the candidate target population for 
basal tumor development in BRCA1 mutation carriers. Nat 
Med. 2009; 15:907-913.


