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In human breast cancer, loss of carcinoma cell–specific response to TGF-β signaling has been linked to poor 
patient prognosis. However, the mechanisms through which TGF-β regulates these processes remain largely 
unknown. In an effort to address this issue, we have now identified gene expression signatures associated with 
the TGF-β signaling pathway in human mammary carcinoma cells. The results strongly suggest that TGF-β sig-
naling mediates intrinsic, stromal-epithelial, and host-tumor interactions during breast cancer progression, at 
least in part, by regulating basal and oncostatin M–induced CXCL1, CXCL5, and CCL20 chemokine expression. 
To determine the clinical relevance of our results, we queried our TGF-β–associated gene expression signatures 
in 4 human breast cancer data sets containing a total of 1,319 gene expression profiles and associated clinical 
outcome data. The signature representing complete abrogation of TGF-β signaling correlated with reduced 
relapse-free survival in all patients; however, the strongest association was observed in patients with estrogen 
receptor–positive (ER-positive) tumors, specifically within the luminal A subtype. Together, the results suggest 
that assessment of TGF-β signaling pathway status may further stratify the prognosis of ER-positive patients 
and provide novel therapeutic approaches in the management of breast cancer.

Introduction
TGF-β ligands are key factors in the regulation of tumor initia-
tion, progression, and metastasis. In human breast cancer, altera-
tions in the carcinoma cell response to TGF-β signaling have been 
linked to tumor progression. It has been shown, using tissues from 
women with mammary epithelial hyperplasia lacking atypia, that 
decreased immunohistochemical staining for the type II TGF-β 
receptor (TβRII) correlated with an increased risk of develop-
ing invasive breast cancer (1). In this study, a 3-fold reduction in 
the number of TβRII-positive carcinoma cells correlated with an 
approximately 3-fold increase in the risk of developing subsequent 
invasive breast cancer (1). The loss of TβRII expression has also 
been correlated with high-grade human carcinoma in situ and 
invasive breast cancer (2). These observations are consistent with 
previously reported data demonstrating that human breast cancer 
cells with deficient TβRII expression were more tumorigenic than 
the same tumor cells in which the receptor was experimentally 
reintroduced (3). Notably, it has been shown that loss of TGFBR2 
gene expression can occur through promoter hypermethylation in 
human breast carcinoma cells (4). In addition, the presence of an 
activating T29→C polymorphism in the TGFB1 gene increased the 
serum levels of TGF-β1 ligand and correlated with a reduced risk 
of developing breast cancer (5).

However, the effect of TGF-β signaling is known to be context 
specific; TGF-β is thought to be an early tumor suppressor and 
late tumor promoter during disease progression. Recently, gene 
expression profiling was used to identify a signature in established 
human cell lines indicative of TGF-β stimulation (6). In this study, 
the TGF-β response gene expression signature was shown to pre-
dict for increased lung metastasis in human breast cancer, where-
as no significant correlation was made with metastasis to bone. 
Further, the correlation between TGF-β signaling and increased 
lung metastasis was more significant in association with estrogen 
receptor–negative (ER-negative) tumors. Interestingly, this effect 
was functionally validated using late-stage breast cancer cells, 
originally derived from a pleural effusion, wherein it was shown 
that TGF-β signaling primed the cells for lung metastasis through 
upregulation of angiopoietin-like 4 (ANGPTL4) gene expression 
(6). The context specificity is further supported by a recent find-
ing that there is a synergy between TGF-β and other transforming 
oncogenes such as HER2. Constitutive activation of TβRI in the 
presence of HER2 amplification enhanced cell survival and migra-
tion and desensitized the cells to trastuzumab, while the signature 
was associated again with ER-negative tumors (7). This may par-
tially explain the correlation among TGF-β signaling, ER negativ-
ity, and poor prognosis, since a significant number of ER-negative 
tumors have HER2 amplification (8, 9). To experimentally deter-
mine the impact of TGF-β signaling on tumor initiation, progres-
sion, and metastasis in vivo, we and others have used several mouse 
models of mammary tumorigenesis with engineered alterations in 
TGF-β pathway signaling components. Using this approach, it was 
shown that enhanced TGF-β signaling could suppress early tumor 
progression (10, 11). The observations related to suppression of 
tumor growth were later paralleled by results obtained through 
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expression of a dominant negative type II TGF-β receptor in mam-
mary epithelium (MMTV-DNIIR) (12). However, expression of the 
MMTV-DNIIR transgene also resulted in decreased carcinoma cell 
invasion (12). This correlated with previous results demonstrating 
that systemic inhibition of TGF-β signaling, through administra-
tion of an Fc-conjugated TβRII (Fc:TβRII), resulted in resistance 
to spontaneous metastasis in the MMTV-Neu mouse mammary 
tumor model and in a model in which metastasis was achieved 
through tail vein injection of carcinoma cells (13). Several subse-
quent studies further illustrated the link between enhanced TGF-β 
signaling and enhanced metastasis in vivo (14–17). Together, the 
results suggested that secretion of TGF-β and thereby stimulation 
of all cells in the mammary tumor microenvironment could result 
in enhanced tumor metastasis, while the effect on tumor growth 
was context dependent. Further, the data suggested that at least 
some of the invasion and metastasis effects were dependent upon 
direct carcinoma cell–specific responses to TGF-β stimulation in 
vivo. However, it has now been shown, in the MMTV–polyoma 
virus middle T antigen (MMTV-PyVmT) model of mammary 
tumorigenesis, that there may be a substantial difference between 
attenuation and complete abrogation of TGF-β signaling with 
regard to the regulation of metastasis (18). This study was the 
first to clearly demonstrate in vivo that a complete loss of TGF-β 
response in mammary carcinoma cells could significantly increase 
the occurrence of spontaneous pulmonary metastases (18).

In recent studies, we have been able to further validate pulmonary 
metastasis increases when carcinoma cell–specific TGF-β signaling 
is ablated (19). Further, we have identified a decrease in apoptosis, 
increased abundance of adjacent smooth muscle actin–positive 
fibrovasculature stroma, increased carcinoma cell heterogeneity, 
and increased inflammatory gene expression that correlated with 
bone marrow–derived myeloid cell infiltration in TβRII-ablated 
mammary carcinoma tissues when compared with controls (19, 
20). However, it was difficult to understand precisely how TGF-β 
regulated these effects due to the complex nature of our observed 
compound phenotypic differences. Therefore, to address the 
mechanistic role for TGF-β signaling associated with regulation of 
tumorigenesis in this context, we have now isolated and established 
multiple parallel, independent polyclonal carcinoma cell lines from 
control and TβRII-ablated MMTV-PyVmT–derived tumor models 
[TβRII(fl/fl;PY) and TβRII(WKO;PY) respectively] (19). The two models 
differ in the ability to respond to TGF-β signaling. The TβRII(fl/fl;PY) 
model expresses TβRII, while the TβRII(WKO;PY) model is deficient 
in the ability to express TβRII as a result of Cre-mediated deletion 
of exon 2 from the Tgfbr2 gene. Using these cell lines, we performed 
microarray analyses to determine the differences in gene expression 
between the models and in response to TGF-β stimulation. These 
analyses were conducted in an effort to identify mechanisms that 
mediate TGF-β–dependent regulation of tumorigenesis in vivo, and 
the results indicated that a major function for TGF-β signaling is 
the regulation of chemokine expression.

The strength of functional analyses associated with mouse model-
ing is balanced by limitations in interpretation of individual obser-
vations with regard the direct impact on human disease. However, 
molecular profiling offers the ability to directly assess the prognos-
tic value of results obtained from genome scale pathway interactions 
identified in experimental model systems. The power associated 
with molecular profiling of tumor subtypes and clinical outcome 
has been highlighted in recent years (8, 9, 21). We have been able to 
obtain high-quality microarray profiles from 1,319 human breast 

cancer tissues with well-documented clinical data related to tumor 
size, LN involvement, ER status, treatment regimen, and time of 
relapse detection over a 10-year period if present (Gene Expres-
sion Omnibus ID: GSE10886, GSE4922, GSE6532, and GSE2845)  
(22–28). Using the clinical data and gene expression profiles rep-
resented by these 4 data sets, we have been able to determine that 
the signature associated with our TβRII-deficient carcinoma cells 
predicted poor relapse-free survival (RFS). Further, the patients pre-
senting with ER+ or luminal A subtype breast cancer demonstrated 
a significant increase in the risk of recurrence if they had a gene 
expression profile that was similar to the TβRII-deficient carcinoma 
cell signature at the time of diagnosis.

Results
PyVmT mammary carcinoma cells exhibit an epithelial-mesenchymal 
transition in response to TGF-β stimulation. To determine functional 
and molecular roles for TGF-β signaling in mammary carcinoma 
cells, we established individually derived polyclonal carcinoma cell 
lines from TβRII(fl/fl;PY) control and TβRII(WKO;PY) mammary tumors. 
Three of the cell lines from each model were selected for analysis. The 
cell lines were screened for TβRII recombination (Figure 1A). The 
TβRII(fl/fl;PY) control cells demonstrated the presence of the floxed 
allele without any evidence of recombination. The TβRII(WKO;PY) 
cells were 100% recombined, with no evidence of a loxP-flanked 
TβRII allele. The recombination efficiency was functionally vali-
dated using a TGF-β growth response assay 24 hours after stimula-
tion. The TβRII(fl/fl;PY) control cells demonstrated a dose-dependent 
response to TGF-β stimulation that resulted in reduced tritiated 
thymidine incorporation (Figure 1B). As expected, the TβRII(WKO;PY) 
cells did not demonstrate a significant difference in tritiated thy-
midine incorporation after TGF-β treatment. It has recently been 
shown that some, but not all, epithelial cell lines respond to TGF-β 
with an epithelial-mesenchymal transition (EMT) (29). The EMT 
process has been linked to increased carcinoma cell motility, inva-
sion, and metastasis (30–33). In vitro, the TβRII(fl/fl;PY) control cell 
lines were predominantly present in clusters of cells with an epithe-
lial morphology (Figure 1C). In response to TGF-β, the TβRII(fl/fl;PY) 
control cell lines exhibited an elongated, fibroblast-like morphology 
and cell scattering — hallmarks of EMT (Figure 1D). The changes 
in cell morphology correlated with reduced cell-surface tethering 
of E-cadherin and F-actin (Figure 1, E–H). In TGF-β–treated cells, 
E-cadherin appeared to be degraded rather than accumulate in the 
cytoplasm (Figure 1F). In complete medium, F-actin was detected 
in the cytoplasm and tethered to the cell membrane (Figure 1G). 
However, when TGF-β was added to the medium, F-actin was pre-
dominantly associated with stress fibers in the cytoplasm (Figure 
1H). Interestingly, N-cadherin was not significantly upregulated in 
the EMT-like carcinoma cells after the observed TGF-β–dependent 
response (data not shown). Due to the enhanced rate of metastatic 
spread observed in our TβRII(WKO;PY) model, we also hypothesized 
that the mammary carcinoma cells lacking TβRII expression may 
have an increased sensitivity to growth factors or a predisposition 
toward spontaneous EMT. However, the rate of growth in response 
to serum was similar for the TβRII(fl/fl;PY) control and TβRII(WKO;PY) 
cell lines. In addition, the TβRII(WKO;PY) cells did not exhibit sponta-
neous EMT under complete culturing conditions or when cultured 
in the presence of TGF-β (Figure 1, I and J). Together, the data indi-
cated that our TβRII(fl/fl;PY) control and TβRII(WKO;PY) cell lines were 
suitable for comparison. Further, differences in response to growth 
factor stimulation or spontaneous EMT could not account for the 
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enhanced metastatic spread observed in the TβRII(WKO;PY) model 
when compared with the TβRII(fl/fl;PY) controls.

Molecular profiling revealed a difference in expression of genes that 
are known to regulate tumor progression. To understand how TGF-β 
could regulate carcinoma cell–associated gene expression, which 
ultimately regulates tumor progression and metastasis, we per-
formed Affymetrix microarray analyses. TβRII(WKO;PY), TβRII(fl/fl;PY), 
and TGF-β–treated TβRII(fl/fl;PY) cell lines were hybridized for sub-
sequent analyses. We identified 108 genes that were upregulated 
and 48 genes that were downregulated in TβRII(WKO;PY) cell lines 
when compared with the TβRII(fl/fl;PY) controls (Supplemental 
Table 1; supplemental material available online with this article; 
doi:10.1172/JCI37480DS1). To determine the genes that were 
acutely regulated by TGF-β, we performed pairwise analyses using 
TβRII(fl/fl;PY) mammary carcinoma cells in the presence or absence 
of TGF-β treatment for 1 hour prior to collection. Genes were 

selected if they were consistently differentially regulated in the 
same direction in all 3 cell lines. Using the paired analysis strategy, 
we identified 41 genes that were consistently upregulated and 16 
that were consistently downregulated in response to TGF-β treat-
ment (Supplemental Table 1). Real-time PCR validation was per-
formed using a common pool of genes selected from both experi-
ments with TβRII(WKO;PY), TβRII(fl/fl;PY), TβRII(WKO;PY) plus TGF-β, 
and TβRII(fl/fl;PY) plus TGF-β samples.

We observed significant differences (P < 0.05) in the expres-
sion of 11 genes identified by microarray in the TβRII(WKO;PY) and 
TβRII(fl/fl;PY) dataset using real-time PCR analyses (Table 1, top; 
clustered in Supplemental Figure 1A). Among these 11 genes, one 
(Junb) was in fact identified in the real-time PCR experiment, but 
it did not meet the filtering criteria for our TβRII(fl/fl;PY) versus 
TβRII(WKO;PY) microarray analyses. This suggested that our con-
servative filtering approach likely excluded some genes that were 

Figure 1
Recombination of TβRII and induction of TGF-β–dependent EMT in MMTV-PyVmT mammary carcinoma cells. (A) Analysis of Southern blot 
hybridization demonstrated that the independently derived polyclonal TβRII(fl/fl;PY) control mammary carcinoma cells (FL1, FL2, and FL3; biological 
replicates) had intact floxed Tgfbr2 alleles, with no evidence of recombination. Alternatively, the independently derived polyclonal TβRII(WKO;PY) 
carcinoma cells (KO1, KO2, and KO3; biological replicates) were completely recombined, with no evidence of a remaining floxed Tgfbr2 allele. 
(B) The growth of TβRII(fl/fl;PY) control carcinoma cell lines, measured by tritiated thymidine incorporation 24 hours after stimulation, was markedly 
inhibited by TGF-β stimulation, whereas the TβRII(WKO;PY) carcinoma cell growth was not altered. Results represent median transformed mean 
values ± SEM. (C and D) In response to TGF-β stimulation (10 ng/ml) for 48 hours, the TβRII(fl/fl;PY) control carcinoma cells demonstrated con-
sistent changes in morphology and cell scattering that suggested that EMT had occurred (original magnification, ×10). (E–H) Loss of E-cadherin 
(E and F) and changes in F-actin localization from the cell membrane (G) to predominant association with stress fibers (H) further confirmed 
an EMT-like state in TβRII(fl/fl;PY) cells that had been treated with 10 ng/ml of TGF-β for 48 hours (E–H; original magnification, ×40). (I and J) 
Loss of TGF-β signaling in TβRII(WKO;PY) cells did not result in a spontaneous state of EMT, as determined by the presence of membrane-bound  
E-cadherin, in the presence or absence of TGF-β ligand at 10 ng/ml after 48 hours of stimulation (original magnification, ×40).
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differentially regulated; however, for the purpose of determining 
a gene expression signature, this was preferable. TGF-β was pres-
ent in the complete cell culture medium, but not at a sufficient 
level to allow detection of downstream Smad pathway activation 
when comparing serum-free and complete medium conditions. 
Therefore, to better model the stimulation likely experienced by 
the carcinoma cells during tumor progression, we also performed 
validation in the presence of TGF-β. When samples were stimu-

lated with TGF-β, we were able to detect a significant difference 
(P < 0.05) in the expression of 21 genes using the pooled gene vali-
dation approach (Table 1; clustered in Supplemental Figure 1B). 
Importantly, we identified differences in expression of genes that 
are known to be TGF-β–responsive, including Serpine1 (PAI-1),  
Smad6, Pdgfb, Gadd45a, Ctgf, Lmcd1, and Bcl2l11 (Bim). Notably, 
Cxcl1, Cxcl5, Bst2, and Csta were significantly upregulated in the 
TβRII(WKO;PY) cells when compared with the TGF-β–treated con-
trols. Previous studies have demonstrated a significant associa-
tion between Cxcl1 or Cxcl5 and lung metastasis (20, 34); there-
fore, we selected these chemokines for further validation.

To determine whether Cxcl1 and Cxcl5 mRNA expression corre-
lated with protein secretion, we performed cytokine antibody array 
analyses with conditioned medium from the TβRII(WKO;PY) and con-
trol TβRII(fl/fl;PY) cell lines. Cxcl1 and Cxcl5 were the only secreted 
cytokines, of 62 represented on the array, that were consistently 
differentially regulated when comparing the 2 models (Figure 2A 
and Supplemental Table 2). The results paralleled those obtained in 
our real-time PCR validation of the microarray analyses. Previously 
we have shown that signaling through the Cxcr2 receptor, which is 
activated by both Cxcl1 and Cxcl5, was responsible for part of an 
enhanced inflammatory cell recruitment observed in association 
with the TβRII(WKO;PY) tumor microenvironment as compared with 
TβRII(fl/fl;PY) controls (20). However, the literature suggested that in 
addition to recruitment of inflammatory cell populations, Cxcr2 
signaling may enhance the migration of carcinoma cells (35–37). To 
test this in mammary carcinoma cells, we stimulated the highly met-
astatic murine 4T1 and human MDA-MB-231 cell lines with Cxcl1 
at increasing doses in wound closure assays (Figure 2B). The wound 
closure results were supported by previous studies demonstrating 
CXCR2 expression by MDA-MB-231 cells (38–40) and Western blot 
verification of Cxcr2 protein production by the 4T1 cell line in our 
laboratory (Figure 2B). Our results indicated that carcinoma cell 
migration was enhanced in the presence of Cxcl1 stimulation, there-
by providing another potential mechanism for enhanced metastasis 
when chemokine expression is elevated in vivo.

TGF-β–responsive genes were identified in TβRII(fl/fl;PY) mammary car-
cinoma cells. Grouped analyses of the microarray results identified 
genes that differed between the models; however, the genes that 
differed between the models were not necessarily TGF-β–respon-
sive genes. Of the genes that we identified as differentially regu-
lated by TGF-β (Supplemental Table 1), we were able to validate 
23 by real-time PCR (Table 2). Among the differentially expressed 
genes that were validated by real-time PCR, Tnfrsf1b (TNF-α recep-
tor) was initially identified in the TβRII(WKO;PY) versus TβRII(fl/fl;PY) 
profile. As previously mentioned, this suggested that our con-
servative approach was effective in filtering genes for our TGF-β 
response signature. We were able to identify, in addition to known 
TGF-β target genes, novel TGF-β–responsive genes that may play 
a major role in tumorigenesis. Importantly, the chemokines Cxcl1, 
Cxcl5, and Ccl20 were consistently suppressed by TGF-β. The sup-
pression of chemokine expression by TGF-β suggested that loss of 
TGF-β signaling could result in selective enhancement of chemo-
kine expression. These data further substantiated and extended 
our previous preliminary analyses regarding TGF-β–dependent 
regulation of host-tumor interactions associated with differential 
chemokine expression in vitro and in vivo (19, 20).

TGF-β suppressed basal and oncostatin M–induced Cxcl1, Cxcl5, and 
Ccl20 expression in established mammary epithelial cell lines. TGF-β was 
able to suppress Cxcl1, Cxcl5, and Ccl20 expression in carcinoma 

Table 1
TβRII(WKO;PY) carcinoma cell gene expression relative to 
TβRII(fl/fl;PY) controls

Gene symbol	 Fold change	 P

Complete medium
S100a6	 2.6	 0.04
Ctsa	 2.4	 0.03
Bst2	 2.0	 0.01
Junb	 1.7	 0.03
Pdgfb	 –1.6	 0.05
Itgb3	 –1.9	 0.02
Tbx15	 –2.1	 0.05
Tspan7	 –2.5	 0.01
F2r	 –2.8	 0.03
Pcdh21	 –3.6	 0.003
Vim	 –22.3	 0.03

Complete medium + TGF-β
Cxcl1	 14.8	 0.04
Cxcl5	 7.6	 0.03
Bst2	 2.8	 0.02
Ctsa	 2.0	 0.03
Bcl2l11	 –3.5	 0.04
Tspan7	 –3.9	 0.03
F2r	 –4.1	 0.008
Itgb3	 –4.2	 0.02
Wnt9a	 –4.2	 0.03
Pdgfb	 –4.8	 0.001
Pcdh21	 –4.8	 0.001
Cxcl12	 –5.7	 0.03
Camk2n1	 –6.2	 0.03
Ctgf	 –6.7	 0.04
Smad6	 –6.8	 0.02
Gadd45a	 –7.3	 0.004
Cxcr4	 –8.0	 0.03
Wisp1	 –10.7	 0.02
Lmcd1	 –13.4	 0.03
Vim	 –24.4	 0.02
Serpine1	 –62.5	 0.01

Real-time PCR validation of differences in gene expression associated 
with TβRII(WKO;PY) and TβRII(fl/fl;PY) mammary carcinoma cells. Real-time 
PCR was performed using the biological replicates for each model, and 
the 1/ΔCt values were used to determine the significance using 2-tailed, 
unpaired t tests. Validation was performed using TβRII(WKO;PY) and 
TβRII(fl/fl;PY) mammary carcinoma cells cultured in complete medium. To 
further stratify the differences between the cell populations and more 
accurately model the situation likely encountered in vivo, validation was 
also performed using TβRII(WKO;PY) cells cultured in complete medium 
compared with TβRII(fl/fl;PY) cells cultured in complete medium containing 
TGF-β ligand at 10 ng/ml 1 hour after stimulation. No differences in gene 
expression were observed when TβRII(WKO;PY) cells cultured in complete 
medium were compared with TβRII(WKO;PY) cells cultured in complete 
medium containing TGF-β ligand at 10 ng/ml 1 hour after stimulation. 
Values were normalized to Gusb, Hprt1, Hsp90ab1, Actb, and Ppia.
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cells derived from the MMTV-PyVmT mouse model. However, 
it was unclear whether this regulation was specific for MMTV-
PyVmT–driven carcinoma cells or alternatively a general feature of 
TGF-β signaling in mammary epithelial cell populations. Therefore, 
we selected the nontransformed HC11 and NMuMG cell lines for 
analysis to address this issue. To stimulate chemokine expression, 
we selected the oncostatin M (OSM) ligand due to its previously 
reported ability to upregulate Cxcl1 and Cxcl5 expression without a 
significant increase in Ccl2 expression (41). As opposed to TNF-α, a 
ligand that is known to potently activate NF-κB and thereby upregu-
late a large number of chemokines, OSM stimulation was shown to 
be more selective for regulation of the Cxcl1 and Cxcl5 chemokines 

that we had identified in our analyses. In addition, the presence of 
OSM in breast cancer is clinically relevant (42, 43). OSM expression 
has been shown to be present in 66% of breast tumors (44). Further, 
immunohistochemical analyses have been used to demonstrate that 
35% of breast carcinomas and 88% of inflammatory breast cancers 
express this ligand (43). Inflammatory breast cancer is often highly 
aggressive and is associated with poor patient prognosis (45).

HC11 cells were responsive to OSM as determined by reduced 
tritiated thymidine uptake (Supplemental Figure 2) and increased 
phosphorylation of Stat3 after stimulation. The HC11 cells were 
also responsive to TGF-β as determined by reduced tritiated thy-
midine uptake (Supplemental Figure 2) and increased phosphor-

Figure 2
TGF-β–dependent chemokine protein secretion by mammary carcinoma cells and the effect of Cxcl1 stimulation on metastatic mammary car-
cinoma cell migration. (A) Conditioned medium from TβRII(WKO;PY) and TβRII(fl/fl;PY) mammary carcinoma cells revealed increased secretion of 
Cxcl1 and Cxcl5 protein by the TβRII(WKO;PY) populations according to cytokine antibody array. Quantitation of Cxcl1 and Cxcl5 expression was 
performed and represented as the median transformed mean values ± SEM. P < 0.05, TβRII(WKO;PY) (KO) vs. TβRII(fl/fl;PY) (Ctl), 2-tailed unpaired 
t test. (B) Wound closure assays were used to determine the effect of Cxcl1 presence on metastatic carcinoma cell migration. Cxcr2 protein 
production by the 4T1 cell line was observed by Western blot (WB), and the expression of CXCR2 by MDA-MD-231 cells has been previously 
reported (38–40). Values are reported as mean percentage ± SEM. For the 4T1 carcinoma cell line, P = 0.5018 at 5 ng/ml, P = 0.0853 at  
20 ng/ml, P = 0.0588 at 40 ng/ml, P < 0.005 at 80 ng/ml, 2-tailed unpaired t test. For the MDA-MB-231 cell line: P = 0.0019 at 5 ng/ml, P = 0.0411 
at 20 ng/ml, and P = 0.0068 at 40 ng/ml, 2-tailed, unpaired t test.
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ylation of Smad2 after stimulation. Importantly, TGF-β had no 
effect on OSM-induced Stat3 phosphorylation, and OSM had no 
effect on TGF-β–dependent Smad2 phosphorylation. In HC11 
cells, TGF-β and OSM treatment for 1 hour in vitro had a sig-
nificant effect on Cxcl1 expression (Figure 3A). In response to 
TGF-β for 1 hour, Cxcl1 expression was significantly decreased 
in HC11 cells. OSM treatment for 1 hour resulted in a significant 
upregulation of Cxcl1 expression. Importantly, TGF-β treatment 
significantly attenuated the effect of OSM with regard to regula-
tion of Cxcl1 expression. The results in HC11 cells were similar 
for Cxcl5 (Figure 3C) and Ccl20 (Figure 3E). The NMuMG mono-
clonal cell line that we have used for analysis responded well to 
TGF-β with regard to growth inhibition, induction of EMT, and 
Smad2 phosphorylation. However, this clone did not respond 
to OSM stimulation with a growth response or Stat3 activation. 
Accordingly, TGF-β treatment for 1 hour significantly decreased 
the expression of Cxcl1, Cxcl5, and Ccl20 in the NMuMG cell line, 
and OSM had no significant effect (Figure 3, B, D, and F). To 
determine whether the observed regulation of Cxcl1, Cxcl5, and 
Ccl20 was selective, or alternatively a general chemokine effect, 
we analyzed the expression of Ccl5 in response to TGF-β and 
OSM stimulation. Ccl5 mRNA was expressed by both cell lines; 

however, no significant differences were observed in response to 
TGF-β, OSM, or both ligands together (Figure 3, G and H; HC11 
and NMuMG, respectively).

The TβRII(WKO;PY) gene expression signature correlated with reduced RFS 
in human breast cancer. To determine the impact of our gene expres-
sion signatures in human breast cancer, we initially compared our 
TβRII(WKO;PY) and TGF-β–treated gene expression signatures to the 
profiles obtained from 4 previously published datasets (22–28).  
The detailed clinical data from these studies were previously pub-
lished, and the clinical data pertinent to this study are summa-
rized in Supplemental Tables 3 and 4. Briefly, the Ivshina dataset 
in this study included 249 unselected breast cancer patients from 
Sweden, 34% with LN+ and 86% with ER+ tumors. The Loi dataset 
included 414 breast cancer patients from the United Kingdom 
and Sweden, 36% with LN+ and 89% with ER+ tumors, with LN 
stage and ER characteristics similar to those in the Ivshina data-
set. The van de Vijver dataset included 295 patients from The 
Netherlands, 49% with LN+ and 76% with ER+ tumors. The Univer-
sity of North Carolina (UNC) dataset included 361 patents, 57% 
with LN+ and 56% with ER+ tumors, being the population with 
the worst prognosis compared with the other 3 studies based on 
LN stage and number of ER+ tumors. In individual analyses of the 
4 datasets, the Ivshina dataset revealed a correlation with reduced 
RFS when tumors had a gene profile similar to the TβRII(WKO;PY) 
signature (Supplemental Figures 3 and 4). Compared with the 
others, this dataset was characterized by a high number of ER+ 
tumors, and the majority of patients with LN– disease did not 
receive systemic adjuvant therapy (Supplemental Table 3). In 
addition, clinical information regarding metastasis-free survival 
(MFS) was available for 2 of the 4 datasets (van de Vijver and Loi). 
Patients in the van de Vijver dataset with gene profiles correlating 
with the TβRII(fl/fl;PY) plus TGF-β treatment signature had signifi-
cantly worse MFS than those without the correlation, whereas no 
significant difference in MFS in association with the signatures 
was observed for the Loi dataset (Supplemental Figure 5). The 
correlation was probably due to the high number of ER-positive 
and LN-positive patients who did not receive adjuvant endocrine 
therapy in the van de Vijver dataset and further suggested that the 
effect of TGF-β signaling may differ depending on the context of 
ER status, LN status, and distant metastases.

Therefore, to further extend and increase the power of our 
subset analyses, we subsequently combined the 4 independent 
datasets and examined the association of our TβRII(WKO;PY) 
and TGF-β–treated TβRII(fl/fl;PY) carcinoma cell signatures with 
tumor subtype and RFS. There was total of 1,319 human breast 
cancer tumor samples in the combined dataset, and the RFS was 
chosen as the survival parameter because the data were avail-
able in all 4 datasets (Figure 4A). The analyses revealed that the 
TβRII(WKO;PY) carcinoma signature positively correlated with a 
reduced 10-year RFS (Figure 4A, left). In contrast, a significant 
difference in RFS was not observed when the TGF-β treatment 
signature was used for correlation (Figure 4A, right). Multivari-
ate analyses were conducted for the 2 TGF-β–associated signa-
tures, ER status, tumor size, node status, 3 treatment variables, 
and 4 patient cohorts (using the Ivshina cohort as a reference) 
using the multivariate Cox model with spline because of the 
nonlinear property of the signature (Supplemental Tables 4 and 
5 and Supplemental Figure 10). The analyses showed that the 
TβRII(WKO;PY) signature was highly significant as an independent 
prognostic marker of survival (P = 0.015, second tertile hazard 

Table 2
TGF-β–responsive gene expression in TβRII(fl/fl;PY) mammary 
carcinoma cells

Gene symbol	 FL1	 FL2	 FL3

Upregulated by TGF-β
Camk2n1	 7.3	 4.7	 3.3
Cxcl12	 5.7	 2.6	 1.8
Cxcr4	 3.9	 3.4	 1.7
Edn2	 13.5	 3.8	 2.5
Egr2	 3.1	 2.7	 2.0
Egr3	 4.1	 2.4	 1.8
Fosb	 4.3	 5.4	 2.2
Foxq1	 7.8	 2.6	 1.7
Gadd45a	 6.1	 7.8	 2.8
Gja3	 6.7	 8.9	 3.4
Lmcd1	 26.9	 3.9	 5.0
Map3k14	 15.2	 3.0	 2.5
Pdgfb	 2.7	 3.7	 2.8
Serpine1	 12.0	 16.8	 8.3
Smad6	 12.9	 4.3	 4.1
Tnfrsf1b	 3.4	 3.1	 1.7
Wisp1	 3.8	 4.7	 2.8
Wnt9a	 3.2	 3.1	 2.5

Downregulated by TGF-β
Adamts1	 –14.3	 –7.5	 –3.1
Ccl20	 –2.0	 –2.3	 –2.4
Cxcl1	 –33.4	 –2.9	 –9.3
Cxcl5	 –2.0	 –2.0	 –1.7
Epgn	 –16.0	 –3.7	 –2.0

Real-time PCR validation of TGF-β–responsive genes in TβRII(fl/fl;PY) 
mammary carcinoma cells. Each column represents 1/ΔCt values 
associated with an individually derived polyclonal control TβRII(fl/fl;PY) 
carcinoma cell line in the presence or absence of TGF-β at 10 ng/ml for 
1 hour. Genes that demonstrated the same direction of regulation were 
reported if all values were 1.5-fold or higher with a 2.0-fold or greater 
change in 2 of 3 of the cell lines. Values were normalized to Gusb, 
Hprt1, Hsp90ab1, Actb and Ppia.
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ratio 1.29, 95% CI, 1.07–1.56, and third tertile hazard ratio 1.16, 
95% CI, 0.89–1.52, using first tertile as a reference).

In further subset analyses, a strong positive correlation between 
the TβRII(WKO;PY) signature and reduced RFS was observed in the 
patients with positive LNs (Figure 4B, left), whereas the TGF-β 
treatment signature did not correlate with a difference (Figure 4B, 
right). No significant difference was observed for either signature 
in LN– patients (Figure 4C), suggesting that abrogation of TGF-β 
signaling may be more relevant in LN metastasis. We further strati-
fied the data based on primary tumor size at the time of diagnosis 
(Supplemental Figure 6, A and B); however, no significant correla-
tion with survival was observed for either signature.

Importantly, we observed a significant correlation between the 
TβRII(WKO;PY) signature and reduced ten year survival in human 

ER+ breast cancer (Figure 5A, left). In the human luminal A 
group, which are ER+ tumors, our TβRII(WKO;PY) signature sig-
nificantly correlated with a reduction in 10-year RFS (Figure 5B, 
left). A significant correlation was not observed with regard to 
survival for either signature in association with treatment with 
adjuvant hormonal therapy alone; human luminal B tumors; 
ER– tumors; or lack of treatment with a systemic adjuvant che-
motherapy (Figure 5C and Supplemental Figure 7, A–C, respec-
tively). RFS in the basal and Her2 breast cancer subtype patient 
populations did not significantly correlate with either signature 
(Supplemental Figure 8, A and B). Together, our results sug-
gest that TGF-β signaling may interact with the ER signaling 
network to regulate tumor recurrence and metastasis during 
human breast cancer progression.

Figure 3
TGF-β attenuated basal 
and OSM-induced expres-
sion of Cxcl1, Cxcl5, and 
Ccl20 in mammary epithe-
lium. TGF-β (10 ng/ml) and 
OSM (100 ng/ml) stimulation 
was performed for 1 hour in 
vitro. Real-time PCR was 
performed using HC11 (A, 
C, E, and G) and NMuMG 
(B, D, F, and H) cell lines. 
The median transformed  
1/ΔCt values are reported 
as mean ± SEM. TGF-β sig-
nificantly decreased Cxcl1 
and Cxcl5 expression in 
HC11 and Cxcl1, Cxcl5, 
and Ccl20 in NMuMG cells  
(A–F). In the OSM-respon-
sive HC11 cell line, OSM sig-
nificantly upregulated Cxcl1, 
Cxcl5, and Ccl20 expres-
sion (A, C, and E). TGF-β 
significantly attenuated the 
effect of OSM with regard 
to Cxcl1, Cxcl5, and Ccl20 
expression in the HC11 cell 
line. The NMuMG cell line, 
which did not respond to 
OSM in growth response 
assays or analysis of phos-
pho-Stat3 by Western blot, 
did not demonstrate chemo-
kine regulation by OSM (B, 
D, and F). Ccl5 expression 
was not altered by TGF-β or 
OSM treatment in the HC11 
or NMuMG cell lines (G and 
H, respectively). **P < 0.05. 
T + O, combined administra-
tion of TGF-β and OSM.
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Discussion
TGF-β is a well-known regulator of tumor progression and metas-
tasis; however, it remains unclear how TGF-β actually regulates 
these processes. In early work, the focus of TGF-β signaling was 
on the tumor cell, and a large amount of data supported an early 
tumor-suppressive role for TGF-β in this context. However, it was 
also shown that TGF-β signaling within the carcinoma cell could 
promote tumor progression and metastasis. This dual role for 
TGF-β signaling has been referred to as the TGF-β paradox, and it 
is not known how TGF-β signaling switches from tumor suppres-
sor to tumor promoter. However, our recent work demonstrating 
the recruitment of metastasis-enhancing bone marrow–derived 

cells to the tumor microenvironment could help explain this para-
dox. In addition to TGF-β signaling within the tumor cell, strong 
experimental evidence has also shown that an excess of secreted 
TGF-β could promote tumor progression. In our TβRII(WKO;PY) 
model of mammary carcinoma cell–specific TGF-β signaling defi-
ciency, we observed a role for TGF-β as a suppressor of tumor ini-
tiation, progression, and metastasis. We observed differences in 
overall tumor burden, apoptosis, interaction with the adjacent 
fibrovascular stroma, angiogenesis, tumor cell heterogeneity, and 
inflammation involving bone marrow–derived myeloid cell popu-
lations (19, 20). However, due to the complexity of the compound 
phenotype, it was difficult to assess the molecular mechanisms of 

Figure 4
Loss of TGF-β signaling in mammary 
carcinoma cells resulted in a signa-
ture that correlated with increased 
risk of relapse during human breast 
cancer progression. (A) The TGF-β 
signature correlation with breast can-
cer RFS in all patients. TβRII(WKO;PY) 
and TβRII(fl/fl;PY) mammary carcinoma 
gene expression signatures were 
compared with profiles from 1,319 
human breast cancer tissues. The 
TβRII(WKO;PY) and TβRII(fl/fl;PY) plus 
TGF-β treatment signatures were 
also used to determine the correla-
tion with RFS (left and right columns, 
respectively). The TβRII(WKO;PY) sig-
nature significantly correlated with 
decreased RFS. No significant dif-
ference in RFS was observed in 
correlation with the TGF-β treatment 
gene expression signature. (B) In 
human LN+ breast cancer patients, 
the TβRII(WKO;PY) signature correlated 
with reduced RFS (left), whereas the 
TGF-β treatment signature did not 
have a significant correlation (right). 
(C) In LN– patients, no significant 
correlations were observed. Red, 
high correlation (r > 0); black, low 
correlation (r < 0). The “high versus 
low” model is based on transform-
ing the TGF-β signature correlation 
into a dichotomous variable (high:  
r > 0; low: r < 0), and the “continu-
ous” model uses the untransformed 
correlation as a continuous variable. 
Association of these groups with RFS 
was evaluated with the log-rank test.
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TGF-β signaling within the carcinoma cells that ultimately regu-
lated the observed effects. Therefore, we established polyclonal 
carcinoma cell lines from our primary tumor tissues in order to 
more precisely determine the molecular differences between the 
TβRII(WKO;PY) and TβRII(fl/fl;PY) models.

We subjected the carcinoma cells to microarray analyses and 
identified a relatively small number of genes that were differential-
ly regulated when the TβRII(WKO;PY) and TβRII(fl/fl;PY) models were 
compared. Within this subset of genes, some of those we identi-
fied were previously described TGF-β–responsive target genes. The 
identification of previously described TGF-β–responsive genes in 
this analysis further substantiated the validity of our approach. 

Importantly, we were able to identify many genes that were differ-
entially regulated between the two models that had not been pre-
viously reported. In addition, we were able to identify genes that 
were TGF-β–responsive within 1 hour of stimulation. Together, 
these results provide an initial step toward identification of the 
essential molecular details related to mechanisms, including regu-
lation of chemokine expression, that mediate TGF-β–dependent 
control of tumor progression and metastasis in vivo.

Our previous work has shown that TGF-β within the carcino-
ma cell can regulate adjacent stromal-epithelial and host-tumor 
interactions within the tumor microenvironment (19, 20). In addi-
tion, our previously reported results and preliminary gene expres-

Figure 5
Loss of TGF-β signaling in mam-
mary carcinoma cells resulted in a 
signature that may further differen-
tiate ER-positive tumors and risk of 
relapse in breast cancer patients. 
Increased risk of poor RFS when 
human ER+ and luminal A breast 
cancer (A and B, respectively; left) 
was associated with a TGF-β sig-
naling–deficient mammary carcino-
ma cell gene expression signature. 
The TGF-β treatment signature 
did not correlate with a difference 
in RFS (A and B, right). Although 
a trend toward reduced RFS was 
present when the TβRII(WKO;PY) 
signature was associated with hor-
mone only–treated breast cancer 
(C), neither signature was statisti-
cally significant. Red, high correla-
tion (r > 0); black, low correlation  
(r < 0). Association of these groups 
with RFS was evaluated with the 
log-rank test.
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sion data suggested that the chemokines Cxcl1, Cxcl5, and Ccl20 
were regulated by TGF-β in mammary carcinoma cells (19, 20). 
Functionally, we were able to demonstrate that signaling through 
Cxcr2, a common receptor for Cxcl1 and Cxcl5, was responsible 
for a significantly greater proportion of the enhanced immature 
bone marrow–derived myeloid cell (myeloid immune suppressor 
cell [MISC]) recruitment to the TβRII(WKO;PY) compared with the 
TβRII(fl/fl;PY) tumor microenvironment (20). In our current study, 
we have been able to demonstrate that these gene products are con-
sistently suppressed by TGF-β in multiple independently derived 
TβRII(fl/fl;PY) mammary carcinoma cell lines. Suppression of Cxcl1, 
Cxcl5, and Ccl20 expression upon TGF-β stimulation proved to be a 
key feature distinguishing the TβRII(WKO;PY) and TβRII(fl/fl;PY) mod-
els. We have also been able to determine that the regulation of this 
chemokine subset by TGF-β is not specific for the MMTV-PyVmT 
transformed cell populations. In the nontransformed HC11 and 
NMuMG mammary epithelial cell lines, TGF-β significantly sup-
pressed Cxcl1, Cxcl5, and Ccl20 expression. In the absence of TGF-β 
treatment, OSM stimulation increased the expression of these che-
mokines. Since the presence of OSM is clinically relevant in breast 
cancer (42–44), the link we have identified with TGF-β signaling is 
likely important. Specifically, it has been shown that a majority of 
inflammatory breast cancers express this ligand (43), and our cur-
rent results suggest that TGF-β– and OSM-dependent chemokine 
production may have a functional role in the regulation of this 
type of breast cancer that is often aggressive and associated with 
poor patient prognosis (45). Further, Cxcl1 expression was recently 
correlated with a metastasis gene expression signature in human 
breast cancer (46). Together, the data suggest that TGF-β can sup-
press basal and OSM-induced Cxcl1, Cxcl5, and Ccl20 expression 
in nontransformed mammary epithelium and in carcinoma cells, 
thereby regulating inflammation that is known to promote tumor 
progression and metastasis.

The power of molecular profiling has been highlighted in recent 
years, since it has been shown to effectively predict for breast 
tumor subtypes and RFS over time (8, 9, 21–27). According to 
the literature, many of the genes that we identified in this study 
may have a significant role in the regulation of tumor progression 
and metastasis (Supplemental Table 1). However, the literature at 
the level of gene-by-gene analysis often lacks the ability to predict 
interactions between signaling networks that ultimately regulate 
the process of tumor progression and metastasis in vivo. Further, 
it is not feasible to concurrently upregulate roughly 200 genes and 
downregulate 70 others in a single cell to experimentally model the 
compound interacting pathways in vivo. Therefore, we compared 
the gene expression signatures obtained in our current study with 
the individual profiles obtained in 4 previously described human 
breast cancer datasets representing 1,319 breast cancer patients 
(22–28). The patient data included tumor subtype classification, 
size, LN status, ER status, treatment regimen, and survival over a 
10-year period. Importantly, we were able to determine that the 
TβRII(WKO;PY) signature predicted for reduced RFS in the entire 
dataset and in subsets including ER+, luminal A, or LN+ patients. 
Notably, our TGF-β treatment gene expression signature did not 
predict for a difference in RFS in any of the correlate analyses 
that we conducted (Figures 4 and 5 and Supplemental Figures 
4–8). This demonstrated that there are clear biological differences 
between complete abrogation of TGF-β signaling and enhanced 
TGF-β stimulation. Our study and statistical models have limi-
tations related to combining biologically and clinically heteroge-

neous datasets, and further studies are required to reveal the exact 
mechanism of ER and TGF-β pathway interactions. However, our 
results and those recently reported by Padua et al. (6) suggest that 
abrogation and stimulation of TGF-β signaling correlate with 
poor prognosis in human ER+ and ER– breast cancer, respectively 
(Supplemental Figure 9).

In summary, we have now been able to identify significant molec-
ular differences in mammary carcinoma cells lacking the ability to 
respond to TGF-β when compared with mammary carcinoma cells 
that are capable of a TGF-β response. The molecular signatures 
suggested that intrinsic, stromal-epithelial, and host-tumor inter-
actions together mediate tumor progression and metastasis as a 
result of the tumor cell response to TGF-β stimulation. Further, 
at the time of diagnosis in human breast cancer, if a molecular sig-
nature that resembles the carcinoma cell–specific TGF-β signaling 
deficiency is detected in luminal A subtype and ER+ tumors, the 
corresponding patients may benefit from an aggressive postopera-
tive treatment regimen to increase their chance for RFS.

Methods
Cell line derivation and culturing conditions. PyVmT carcinoma cell lines 
were derived from TβRII(WKO;PY) and TβRII(fl/fl;PY) primary tumors, estab-
lished and cultured in DMEM/F12 with 5% adult bovine serum as previ-
ously described (19). The NMuMG cell line has been previously described 
(28). NMuMG cells were cultured in DMEM with 10% FCS and 150 μl 
insulin per 500 ml of medium. HC11 cells were a gift from Jeffery Rosen 
(Baylor College of Medicine, Houston, Texas, USA) on behalf of Bernd 
Groner (Georg-Speyer-Haus, Institute for Biomedical Research, Frankfurt 
am Main, Germany) and were grown in RPMI 1640 medium containing 
10% bovine calf serum, 5 mg/ml insulin (Sigma-Aldrich), 10 ng/ml EGF 
(Sigma), 2 mM l-glutamine, 100 U/ml penicillin, and 100 mg/ml strep-
tomycin. Medium was changed 23 hours before collection for microarray 
and real-time PCR analyses. One hour before collection, the medium was 
aspirated, and complete medium or complete medium containing TGF-β 
was added to the cells. Cell lines were approximately 70% confluent at the 
time of RNA isolation. Chemokine expression studies were carried out in 
the presence or absence of 10 ng/ml TGF-β or 100 ng/ml OSM that was 
added 1 hour prior to RNA isolation as indicated.

Analysis of DNA recombination. Southern blots were performed as pre-
viously described (47). Briefly, DNA was isolated by phenol-chloroform 
extraction, and 10 μg was digested with BglII and resolved on a 1% agarose 
gel, then transferred to a nylon membrane. The membranes were then pre-
hybridized and hybridized at 65°C using a buffer containing 4× SSC phos-
phate (SSCP), 1× Denhardt’s solution, 1% SDS, and 100 μg/ml of sheared 
salmon sperm DNA with the previously described 32P-labeled 3ʹ probe to 
detect Tgfbr2 recombination (47).

TGF-β growth response analyses. Tritiated thymidine incorporation was per-
formed using 4 × 104 cells that were plated in a 24-well dish and allowed to 
grow overnight. The next day, when cells were approximately 50% conflu-
ent, the medium was aspirated and replaced with complete medium or 
complete medium containing 0.1, 1.0, or 10.0 ng/ml TGF-β. Twenty-two 
hours later, cells were pulsed with 4 μCi of tritiated thymidine per well 
(PerkinElmer). After 2 hours, the cells were fixed with 1 ml 10% trichloro-
acetic acid for 30 minutes at room temperature (RT), followed by 2 addi-
tional 30-minute washes with 10% trichloroacetic acid. DNA was solubi-
lized by incubation in 300 μl 0.2N NaOH for 30 minutes. Radioactivity was 
counted using 100 μl of solubilized DNA in 4 ml scintillation fluid.

H&E staining and immunofluorescence. H&E staining and immuno
fluorescence were performed using standard techniques. Briefly, medium 
was aspirated, and cells were washed with PBS then fixed in 10% neutral 
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buffered formalin for 30 minutes at RT. Cells were washed (twice) with PBS 
plus 10 mM glycine, then permeabilized PBS plus 0.2% Triton X-100 for  
5 minutes at RT. Slides were washed (twice) with PBS plus 10 mM glycine. 
Slides were blocked with PBS containing 3% milk for 10 minutes at RT. 
Primary antibody (diluted in PBS plus 3% milk) was added for 30 minutes 
at RT. Texas red–conjugated phalloidin (T7471; Invitrogen) was used at 
1:200 diluted in PBS plus 3% milk. Slides were washed (3 times) for 5 min-
utes in PBS and blocked for 3 minutes in 3% milk. Secondary antibodies 
were added at 1:800 for 30 minutes in the dark, then washed (3 times) for  
5 minutes with PBS. Slides were mounted using ProLong Antifade Gold 
with DAPI (Invitrogen). Texas red–conjugated phalloidin images were dis-
played in the green channel for the purpose of illustration.

RNA isolation. Cells were grown and treated in T-75 flasks prior to collection. 
One milliliter of TRIzol per T-75 flask was used to lyse the cells. The lysates 
were incubated at RT for 5 minutes, then 0.2 ml chloroform was added. 
The samples were shaken vigorously by hand for 15 seconds, incubated at 
RT for 3 minutes, and centrifuged at 13,000 g for 15 minutes at 4°C. Three 
hundred microliters from the aqueous phase was removed, and an equal vol-
ume of 70% RNA-free EtOH was added slowly while mixing with a pipette 
tip to avoid localized precipitation. The samples were loaded into an RNeasy 
column (QIAGEN) and centrifuged for 30 seconds at 8,000 g. Buffer RW1  
(700 μl) was added to the column and centrifuged for 30 seconds at 8,000 g. 
RPE buffer (500 μl) was added to the column and centrifuged for 30 seconds 
at 8,000 g (twice; column was placed in a new collection tube for the second 
wash). The column was centrifuged for 1 minute at 8,000 g to eliminate the 
remaining buffer. RNA was eluted in a fresh RNase-free microfuge tube using 
30 μl RNase-free water, then stored at –80°C until use.

Affymetrix DNA microarray and real-time PCR validation. Samples were 
checked for integrity and subjected to microarray hybridization using 
the Affymetrix Mouse 430 2.0 gene chip according to standard protocols. 
Briefly, Agilent’s Bioanalyzer microfluidic assay (Agilent Technologies) was 
used to assay RNA integrity. Spectrophotometric and fluorometric meth-
ods were combined to quantitate protein and nucleic acids present in the 
sample and to ensure quality control of each sample. Following quality 
control, the RNA was prepared for microarray analysis using the GeneChip 
One-Cycle Target Labeling and Control Reagents kit (Affymetrix). Briefly, 
1.5 μg of total RNA was reverse transcribed to ds cDNA using an oligo-dT 
primer coupled to a T7 promoter. In vitro transcription from the ds cDNA 
was then carried out using T7 polymerase and incorporating biotin-modi-
fied CTP and UTP ribonucleotides. The biotinylated cRNA (20 μg) was 
fragmented and hybridized to an Affymetrix GeneChip Mouse Genome 
430 2.0 Array containing 45,000 sets of 11- to 25-mer oligomers, represent-
ing 39,000 mouse transcripts (34,000 are annotated as well-defined genes). 
Hybridized cRNA was detected using streptavidin coupled to phycoery-
thrin. GeneChips were scanned using GeneChip Scanner 3000 7G Plus 2 
and GeneChip Operating System (GCOS; Affymetrix). Default values were 
used to grid images (.DAT) and generate .CEL and .CHP files. CEL files 
(raw Affymetrix data) were transformed by Robust Multichip Analysis 
(RMA) (48) prior to filtering. Validation for microarray data was conducted 
using real-time PCR according to the manufacturer’s instructions (Super-
Array) with a custom template and proprietary primer sets for the reported 
gene products (custom template CAPM-0439; SuperArray). Genes includ-
ed for validation from the TβRII(WKO;PY) and TGF-β treatment signatures 
were analyzed using TβRII(WKO;PY), TβRII(WKO;PY) plus TGF-β (10 ng/ml), 
TβRII(fl/fl;PY), and TβRII(fl/fl;PY) plus TGF-β (10 ng/ml) samples. Cxcl1, Cxcl5, 
and Ccl20 expression analyses in HC11 and NMuMG cells were conducted 
using the primer sets and conditions previously reported (19).

Cytokine antibody array and Western blot analysis. The cytokine antibody 
array was performed using conditioned medium as previously described 
(19). Western blots were performed as previously described (19), using 

Cxcr2 (SC-7304; Santa Cruz Biotechnology Inc.) and actin (A-2066; Sigma-
Aldrich) primary antibodies and ECL detection (GE Healthcare).

Statistics. Six replicates were performed for thymidine incorporation analy-
ses. Results were reported as the mean ± SEM, and 2-tailed unpaired t tests 
were used to determine significance (P < 0.05). In the microarray experiment, 
genes were selected if they met all of the following criteria: signal was up- or 
downregulated at least 1.5-fold in all experimental samples when compared 
with the controls; at least 2 of the 3 experimental samples represented a  
2.0-fold or higher change in expression when compared with the controls; 
and the coefficient of variance (CV) value for the control group was less than 
2.0. In grouped analyses, results with a 2-tailed, unpaired t test P values less 
than 0.05 were reported as significant. In paired analyses, results were report-
ed if the fold change moved in the same direction for all samples and was 
at least 1.5 in all 3 samples with at least a 2.0-fold change in 2 of 3 samples. 
Results for the real-time PCR validation of microarray data were reported as 
mean of the median transformed 1/ΔCt values ± SEM. Two-tailed unpaired 
t tests were used to determine significance, and a P value less than 0.05 was 
reported as significant. Results for the cytokine array, wound closure assays, 
and validation of Cxcl1 expression in response to ligand stimulation were 
reported as mean ± SEM. Two-tailed unpaired t tests were used to determine 
significance (P < 0.05). Correlative analyses for our gene expression signa-
tures with human gene profiling and clinical status data were performed 
using normalized data representing 1,319 patients from 4 independent, 
previously reported studies (Gene Expression Omnibus ID: GSE10886, 
GSE4922, GSE6532, and GSE2845) (22–28). Probes were median cen-
tered across each dataset to minimize platform effects. Gene symbols were 
assigned using the manufacturer-provided annotation, and duplicate gene 
symbols were collapsed by averaging within each sample. Breast cancer sub-
types were assigned based on a nearest centroid classifier (28). ANOVA was 
used to test the null hypothesis that the mean correlation to a signature is 
equal across the breast cancer subtypes. The similarity of each human breast 
cancer test case to the TβRII(WKO;PY) or TGF-β–treated TβRII(fl/fl;PY) carcinoma 
cell signatures was computed using Pearson correlation. Correlations were 
associated with RFS and MFS using the univariate Cox proportional hazard 
regression model. The “high versus low” model is based on transforming the 
TGF-β signature correlation into a dichotomous variable (high: r > 0; low: 
r < 0), and the “continuous” model uses the untransformed correlation as 
a continuous variable (Figures 4 and 5). Association of these groups with 
RFS was evaluated with the log-rank test and visualized with Kaplan-Meier 
plots. The multivariate analysis was performed using the 2 TGF-β–associ-
ated signatures, ER status, tumor size, node status, 3 treatment variables, 
and 4 patient cohorts (Ivshina cohort as a reference) using the multivariate 
Cox proportional hazard model with spline. All statistical analyses used a  
P value cutoff of 0.05 to determine significance. All data analysis for human 
breast cancer correlation was performed in R (www.r-project.org/).
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