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Introduction

It is well-established that cancer-associated fibroblasts (CAFs) 
are important promoters of tumor growth, through paracrine 
interactions with adjacent epithelial cancer cells. These activated 

We have previously shown that a loss of stromal Cav-1 is a biomarker of poor prognosis in breast cancers. Mechanistically, a 
loss of Cav-1 induces the metabolic reprogramming of stromal cells, with increased autophagy/mitophagy, mitochondrial 
dysfunction and aerobic glycolysis. As a consequence, Cav-1-low CAFs generate nutrients (such as L-lactate) and chemical 
building blocks that fuel mitochondrial metabolism and the anabolic growth of adjacent breast cancer cells. It is also 
known that a loss of Cav-1 is associated with hyperactive TGF-β signaling. However, it remains unknown whether 
hyperactivation of the TGF-β signaling pathway contributes to the metabolic reprogramming of Cav-1-low CAFs. To 
address these issues, we overexpressed TGF-β ligands and the TGF-β receptor I (TGF-β-RI) in stromal fibroblasts and 
breast cancer cells. Here, we show that the role of TGF-β in tumorigenesis is compartment-specific, and that TGF-β 
promotes tumorigenesis by shifting cancer-associated fibroblasts toward catabolic metabolism. Importantly, the tumor-
promoting effects of TGF-β are independent of the cell type generating TGF-β. Thus, stromal-derived TGF-β activates 
signaling in stromal cells in an autocrine fashion, leading to fibroblast activation, as judged by increased expression of 
myofibroblast markers, and metabolic reprogramming, with a shift toward catabolic metabolism and oxidative stress. We 
also show that TGF-β-activated fibroblasts promote the mitochondrial activity of adjacent cancer cells, and in a xenograft 
model, enhancing the growth of breast cancer cells, independently of angiogenesis. Conversely, activation of the TGF-β 
pathway in cancer cells does not influence tumor growth, but cancer cell-derived-TGF-β ligands affect stromal cells in a 
paracrine fashion, leading to fibroblast activation and enhanced tumor growth. In conclusion, ligand-dependent or cell-
autonomous activation of the TGF-β pathway in stromal cells induces their metabolic reprogramming, with increased 
oxidative stress, autophagy/mitophagy and glycolysis, and downregulation of Cav-1. These metabolic alterations can 
spread among neighboring fibroblasts and greatly sustain the growth of breast cancer cells. Our data provide novel 
insights into the role of the TGF-β pathway in breast tumorigenesis, and establish a clear causative link between the 
tumor-promoting effects of TGF-β signaling and the metabolic reprogramming of the tumor microenvironment.
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fibroblasts express (1) myofibroblast markers, such as α-smooth 
muscle actin (SMA) and calponin, (2) are responsible for the 
accumulation and turnover of extracellular matrix components, 
such as collagen and tenascin C, and (3) are involved in the regu-
lation of inflammation.1,2 Although the exact mechanism(s) that 
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TGF-β signaling has been implicated in tumorigenesis in 
several organ systems, including the breast. TGF-β plays a dual 
role during tumorigenesis, and it is believed to act as a tumor-
suppressor during tumor initiation but as a tumor-promoter 
during cancer progression and metastasis.8,9 Mechanistically, 
the tumor-suppressor role of TGF-β has been attributed to its 
induction of a cyto-static response involving the upregulation of 
CDK inhibitors, such as p21(WAF1/CIP1) and p15(INK4B),10,11 
as well as to its pro-apoptotic function(s), with the activation of 
cell-death pathways.12 Importantly, it is believed that most of the 
tumor-suppressor functions are mediated via the Smad-signaling 
cascade.13 Consistent with a tumor-suppressor role, inactivating 
mutations in key genes along the TGF-β pathways are observed 
in several human tumor types.14

However, aggressive tumors acquire the ability to suppress the 
tumor-inhibitory functions of TGF-β signaling and benefit from 
its pro-tumorigenic properties. Among others, TGF-β potently 
suppresses immunity,15 induces angiogenesis16,17 and promotes 
cancer cell motility and invasion by stimulating an epithelial-
mesenchymal transition (EMT).18

We and others have demonstrated that a loss of stromal 
caveolin-1 (Cav-1) is a powerful biomarker, which predicts poor 
clinical outcome in human breast cancers.19,20 Analysis of Cav-
1-deficient human and mouse stromal cells has demonstrated 
that a loss of Cav-1 is sufficient to induce a CAF-like pheno-
type.21-23 For example, Cav-1 (-/-) mammary fibroblasts exhibit a 
CAF phenotype characterized by the conversion of fibroblasts to 
myofibroblasts and enhanced TGF-β signaling.24 Several stud-
ies have shown that Cav-1 directly inhibits TGF-β signaling. 
More specifically, Cav-1 interacts with the TGF-β-RI, inducing 
its degradation, and suppresses TGF-β-dependent Smad2 phos-
phorylation and its nuclear translocation.25,26 It is also known 
that activation of the TGF-β pathway is sufficient to downregu-
late Cav-1 expression27 by unknown mechanisms.

Using an established co-culture system consisting of (1) MCF7 
breast cancer cells and (2) hTERT-immortalized human fibro-
blasts, we have previously demonstrated that cancer cells induce 
the functional activation of fibroblasts via oxidative stress via 
upregulation of TGF-β signaling and loss of Cav-1 expression.23 
Functionally, a loss of stromal Cav-1 causes the metabolic repro-
gramming of cancer-associated fibroblasts, with the induction 
of autophagy and aerobic glycolysis (Warburg effect) in stromal 
cells, resulting in the stromal production of energy-rich metabo-
lites (such as L-lactate, pyruvate, ketone bodies) and chemical 
building blocks [such as aminoacids (glutamine), nucleotides 
and fatty acids].28,29 These recycled nutrients are then transferred 
to adjacent epithelial cancer cells, fueling tumor growth in a 
paracrine fashion. Importantly, cancer-cell-initiated oxidative 
stress induces a loss of stromal Cav-1 in fibroblasts via autophagy 
and leads to the activation of hypoxia-inducible factor (HIF-1α) 
in the tumor microenvironment.30,31 We have termed this new 
paradigm “two-compartment tumor metabolism.”29

However, it remains unknown if the activation of TGF-β 
signaling plays a direct role in the metabolic reprogramming of 
stromal cells induced by a loss of Cav-1. Therefore, the aim of the 
present study was to assess if TGF-β induces specific metabolic 

determine the acquisition of a CAF phenotype remain unknown, 
fibroblast activation and the fibroblast-to-myofibroblast conver-
sion are induced by transforming growth factor β (TGF-β).3,4 
Consistent with these observations, increased expression of the 
TGF-β ligand is correlated with the accumulation of fibrotic des-
moplastic tissue in human cancers.5

Three TGF-β ligands have been described: TGF-β1, TGF-β2 
and TGF-β3. They are secreted as latent precursor molecules. 
Once activated through proteolytic cleavage, TGF-β interacts 
with specific receptors (namely, TGF-β receptor type I and II, 
known as TGF-β-RI and TGF-β-RII). TGF-β binds to TGF-
β-RII, and promotes the formation of a hetero-oligomeric 
complex with TGF-β-RI, leading to the activation of the TGF-
β-RI receptor kinase. TGF-β-RI then phosphorylates serine/
threonine residues in downstream target effectors, such as the 
Smad proteins. The activated TGF-β receptor complex initiates 
several downstream cascades, including the canonical Smad2/3 
signaling pathway and non-canonical pathways, such as TAK1-
mediated p38- or JNK-signaling.6,7

Figure 1. TGF-β treatment induces the autophagy-mediated down-
regulation of Cav-1 in fibroblasts. (A) hTERT-immortalized human 
fibroblasts were treated with TGF-β1, TGF-β2 or TGF-β3 (10 ng/ml) for 
48 h. Then, cells were analyzed by immunoblotting with anti-Cav-1 
antibodies. Note that TGF-β1, TGF-β2 and TGF-β3 ligand treatment 
induces Cav-1 downregulation. β-actin was used as an equal loading 
control. (B) Chloroquine treatment rescues the expression of Cav-1 and 
OXPHOS markers. Fibroblasts treated with the three TGF-β ligands were 
incubated with the autophagy inhibitor chloroquine (25 μM) for 24 h 
and then subjected to immunoblot analysis with antibodies directed 
against Cav-1 and OXPHOS. Note that treatment with chloroquine 
rescues the expression of Cav-1 and greatly augments the levels of 
OXPHOS markers. Immunoblotting with GAPDH is shown as a control 
for equal loading.



© 2012 Landes Bioscience.

Do not distribute.

www.landesbioscience.com	 Cell Cycle	 3021

Cav-1 is a novel biomarker associated with tumor progression and 
metastasis in breast cancers.19,20 Importantly, Cav-1 downregula-
tion leads to altered metabolic processes in CAFs, with increased 
autophagy, mitophagy and aerobic glycolysis.40 However, the role 
of TGF-β in regulating CAF metabolism remains largely unex-
plored. Thus, we subjected TGF-β ligand expressing fibroblasts 
to a detailed metabolic analysis. Figure 3A shows that fibroblasts 
expressing TGF-β ligands display increased levels of a panel of 
mitophagy (BNIP3; indicative of mitochondrial dysfunction) 
and autophagy markers (APG5, LC3 and Beclin-1; markers of 
the formation and maturation of auto-phagosomes) relative to 
vector-alone control cells.

To evaluate the molecular drivers leading to increased autoph-
agy, we next analyzed the expression of HIF-1α by immunob-
lotting. HIF-1α is a transcription factor mediating the cellular 
response to hypoxia and oxidative stress and is one of the main 
inducers of autophagy.41 Figure 3B shows that fibroblasts overex-
pressing TGF-β ligands display the steady-state upregulation of 
HIF-1α protein levels. These results indicate that the induction 
of autophagy and mitophagy in fibroblasts overexpressing TGF-β 
ligands is mediated, at least in part, via HIF-1α activation.

It is known that increased autophagy may lead to a compen-
satory activation the Akt-mTOR pathway.42,43 Thus, TGF-β1, 
TGF-β2 and TGF-β3 fibroblasts were subjected to immunob-
lot analysis with phospho-specific Akt antibodies. Figure 3C 

alterations in the tumor microenvironment, and if these changes 
can drive the aggressive behavior of the malignant cells. To study 
the cell type- and compartment-specific effects of TGF-β expres-
sion, TGF-β [ligand(s) or receptor(s)] were selectively overex-
pressed in either fibroblasts or breast cancer cells.

For recent reviews on TGF-β signaling and tumor growth, 
please see references 8 and 32–36.

Results

Treatment with exogenous TGF-β ligands induces Cav-1 down-
regulation in normal fibroblasts via lysosomal targeting and 
autophagic degradation. Previous studies have shown that Cav-1 
negatively regulates the activation of the TGF-β signaling.25 It is 
also known that a loss of stromal Cav-1 induces mitochondrial 
dysfunction and the metabolic reprogramming of CAFs toward 
a more glycolytic phenotype.37,38 However, it remains unknown 
if enhanced TGF-β signaling is involved in the metabolic altera-
tions observed in fibroblasts lacking Cav-1. To address this issue, 
hTERT-immortalized human fibroblasts were treated with TGF-
β1, TGF-β2 or TGF-β3 recombinant ligands (10 ng/ml) for 48 
h. Figure 1A shows that treatment with these exogenous TGF-β 
ligands induces the downregulation of Cav-1 protein in stromal 
fibroblasts.

We have previously demonstrated that a loss of stromal Cav-1 
occurs via autophagy.31 Thus, TGF-β1-, TGF-β2- or TGF-β3-
treated fibroblasts were next co-incubated with the autophagy 
inhibitor chloroquine (25 μM) for 24 h. Interestingly, Figure 1B 
shows that chloroquine treatment restores Cav-1 levels. As a loss 
of stromal Cav-1 is associated with mitochondrial dysfunction,37 
we also evaluated if restoration of Cav-1 levels correlates with 
improved mitochondrial function via immunoblot analysis with 
markers of oxidative phosphorylation (OXPHOS). Interestingly, 
Figure 1B shows that chloroquine treatment greatly augments 
the levels of OXPHOS markers.

Fibroblasts recombinantly expressing TGF-β ligands upreg-
ulate markers of myofibroblast differentiation, and show a loss 
of Cav-1 expression. To further dissect the role of TGF-β signal-
ing in cancer metabolism, we first stably overexpressed TGF-β1, 
TGF-β2 or TGF-β3 ligands in hTERT-immortalized human 
fibroblasts. Empty vector (Lv-105) control fibroblasts were gener-
ated in parallel. Immunoblot analysis demonstrates that all three 
TGF-β isoforms greatly downregulate Cav-1 levels (Fig. 2A). It is 
well known that TGF-β induces the activated myofibroblast phe-
notype.39 Martinez et al. have also shown that a loss of Cav-1 is 
sufficient to promote a fibroblast-to-myofibroblast conversion.23 
Thus, we next investigated whether fibroblasts overexpressing 
TGF-β1, TGF-β2 and TGF-β3 show myofibroblastic features.

Figure 2B demonstrates that fibroblasts overexpressing 
TGF-β ligands all display the upregulation of myofibroblast 
markers, such as α-SMA and calponin. Taken together, these 
data demonstrate that TGF-β signaling negatively modulates 
Cav-1 expression and contributes to the acquisition of a myofi-
broblast phenotype, as expected.

Fibroblasts overexpressing TGF-β ligands show increased 
autophagy/mitophagy, with HIF-1α activation. Loss of stromal 

Figure 2. Fibroblasts overexpressing TGF-β1, TGF-β2 or TGF-β3 show 
a fibroblast to myofibroblast conversion, with Cav-1 downregulation. 
(A) hTERT-immortalized human fibroblasts, stably expressing TGF-β1, 
TGF-β2, TGF-β3 or the empty vector (Lv-105) control, were generated 
using a lentiviral approach. After selection with puromycin, the cells 
were analyzed by immunoblotting with anti-Cav-1 antibodies. Note 
that the stable overexpression of TGF-β ligands downregulates Cav-1 
protein expression. β-actin was used as an equal loading control. 
(B) Cells were subjected to immunoblot analysis with antibodies 
directed against myofibroblast markers. Note that α-SMA and calponin 
levels are upregulated. β-actin was used as an equal loading control.
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mitochondria. Therefore, to evaluate if TGF-β impairs mito-
chondrial function, TGF-β ligand expressing fibroblasts were 
analyzed by immunoblotting with a panel of OXPHOS markers. 
Figure 4A shows significantly decreased expression levels of key 
subunits of complexes I, II, III and IV in TGF-β1 and TGF-β3 
fibroblasts relative to control cells. Similarly, fibroblasts overex-
pressing TGF-β2 display reductions in the subunits of mitochon-
drial complexes I, II and IV.

To independently validate these data, we next assessed mito-
chondrial membrane potential, using MitoTracker staining. 
MitoTracker only labels “healthy” mitochondria with an active 
membrane potential and, thus, is a measure of mitochondrial 
activity. Figure 4B shows a strong reduction in mitochondrial 
activity in fibroblasts overexpressing the three TGF-β ligands.

Fibroblasts overexpressing TGF-β ligands promote tumor 
growth independently of angiogenesis. To evaluate if TGF-β 
expressing fibroblasts play a role in breast tumorigenesis, we 
employed a mouse xenograft model. Fibroblasts harboring the 
TGF-β ligands or the vector-alone control (Lv-105) were co-
injected with MDA-MB-231 human breast cancer cells into the 
flanks of immunodeficient mice. After 4 weeks, the mice were 
sacrificed, and the tumors were harvested and measured. Figure 
5A shows that fibroblasts overexpressing TGF-β ligands all pro-
mote the growth of MDA-MB-231 cells, leading to increased 
tumor weight (2.4- to 3.4-fold) and volume (3- to 4-fold), com-
pared with empty vector control cells.

Since it is known that TGF-β potently promotes angiogenesis, 
frozen sections from the tumor xenografts were immunostained 
with an antibody against the endothelial cell marker CD31, and 
vessel density was quantified. Interestingly, Figure 5B shows 
that the tumor vessel density was similar in all four experimen-
tal groups, suggesting that the tumor-promoting properties of 
TGF-β fibroblasts are angiogenesis-independent.

Previous data have demonstrated that autophagic and/or gly-
colytic fibroblasts support the mitochondrial activity and growth 
of adjacent cancer cells via the paracrine secretion of nutrients and 
chemical building blocks.44,45 To experimentally evaluate if fibro-
blasts overexpressing TGF-β promote the mitochondrial activity 
of adjacent cancer cells, we employed a co-culture system consist-
ing of GFP-labeled MDA-MB-231 cells and fibroblasts harboring 
either the empty vector (Lv-105) or TGF-β ligands. Then, these 
co-cultures were stained with MitoTracker. Figure 5C shows that 
MDA-MB-231 cells co-cultured with fibroblasts overexpressing 
TGF-β ligands display a strong increase in mitochondrial activ-
ity relative to MDA-MB-231 cells co-cultured with control fibro-
blasts. These data suggest that TGF-β-overexpressing fibroblasts 
promote mitochondrial oxidative metabolism in adjacent breast 
cancer cells via a paracrine mechanism.

TGF-β ligand expressing fibroblasts generate tumors with 
increased deposition of extracellular matrix proteins. During 
tumor development, CAFs stimulate the deposition of extracellu-
lar matrix proteins, such as type I collagen and Tenascin C.2 Both 
components are associated with breast cancer progression and 
metastasis. It is known that TGF-β is involved in extracellular 
matrix remodeling. To evaluate if increased extracellular matrix 
deposition plays a key role in the TGF-β-tumor promoting 

shows that TGF-β1, TGF-β2 and TGF-β3 fibroblasts all display 
increased activation of the Akt pathway relative to control cells, 
most likely to counter-balance the increased protein degradation 
that occurs during autophagy.

TGF-β ligand expressing fibroblasts show decreased mito-
chondrial activity. Autophagy is a well-known mechanism for 
the degradation and turnover of cellular organelles, including 

Figure 3. Fibroblasts overexpressing TGF-β1, TGF-β2 or TGF-β3 show 
increased autophagy, with HIF-1α activation. (A) TGF-β-induced au-
tophagy/mitophagy was evaluated by immunoblot analysis. TGF-β1-, 
TGF-β2- and TGF-β3-overexpressing fibroblasts display a significant in-
crease of the expression of the mitophagy (BNIP3) and autophagy mark-
ers [APG5, Beclin-1, and LC3II (lower band)]. Note that TGF-β2 is able to 
induce upregulation of APG5 and Beclin-1, but it does not affect LC3 
activation. β-actin was used as loading control. (B and C) To evaluate 
if TGF-β induces activation of HIF-1α and the Akt pathway, cells were 
analyzed by immunoblotting with antibodies directed against HIF-1α 
or phospho-Akt. β-actin was used as loading control. Note that TGF-β1-, 
TGF-β2- and TGF-β3-overexpressing fibroblasts display a significant 
increase of HIF-1α expression (B) and increased phospho-Akt, with 
decreased total Akt levels (C).
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of the TGF-β pathway. First, we investigated if the constitutive 
expression or activation of TGF-β-RI induces an autophagic 
program in stromal cells. TGF-β-RI WT and mutant (T204D) 
fibroblasts were subjected to immunoblot analysis with a panel 
of autophagy markers. Figure 8A shows that expression of both 
WT and T204D mutant TGF-β-RI strongly increases the levels 
of autophagy (cathepsin B, LC3 and Beclin-1) and mitophagy 
(BNIP3) markers, relative to empty-vector controls. Increased 
mitophagy/autophagy is often associated with increased glycoly-
sis. Thus, we evaluated the ability of TGF-β-RI-fibroblasts to 
generate L-lactate. Interestingly, the constitutively active TGF-
β-RI mutant fibroblasts showed increased secretion of L-lactate 
(> 2-fold), relative to control fibroblasts processed in parallel (Fig. 
8B). Conversely, TGF-β-RI WT fibroblasts did not show any 
significant increases in L-lactate secretion.

It is well known that oxidative stress is a potent inducer of 
autophagy and glycolysis.46 To evaluate if activation of the TGF-β 
pathway promotes increased oxidative stress in stromal cells, we 

effects, paraffin-embedded sections from 
xenograft tumors were immunostained 
with antibodies directed against type I 
collagen and Tenascin C. Interestingly, 
tumors derived from TGF-β ligand 
expressing fibroblasts display increased 
deposition of type I collagen (Fig. 6A) and 
Tenascin C (Fig. 6B), compared with the 
control tumors. These results suggest that 
increased extracellular matrix secretion 
could be one of the mechanism(s) by which 
TGF-β-overexpressing fibroblasts acceler-
ate tumor growth.

Fibroblasts overexpressing the TGF-β 
receptor kinase (RI) show myofibroblastic 
features, with increased activation of the 
TAK1 pathway. Our current results indi-
cate that fibroblasts overexpressing TGF-β 
ligands promote tumor growth. However, 
it remains undefined which cell ype within 
the tumor microenvironment is affected by 
TGF-β. One possibility is that the tumor-
promoting effects of TGF-β-expressing 
fibroblasts are due to their paracrine effects, 
leading to the activation of the TGF-β 
pathway in cancer cells. Alternatively, 
TGF-β could bind to the TGF-β recep-
tor and activate the TGF-β pathway in the 
stromal cells, in an autocrine manner.

To distinguish between these two 
hypotheses, we stably overexpressed TGF-β 
receptor I (TGF-β-RI) wild-type and a 
constitutively active mutant (T204D) in 
hTERT-immortalized human fibroblasts 
(Fig. 7A). TGF-β exerts its effects by acti-
vating downstream canonical (Smad) and 
non-canonical (TAK1) effectors. To evalu-
ate if TGF-β-RI overexpression leads to the 
constitutive activation of the TGF-β pathway, fibroblasts over-
expressing TGF-β-RI were analyzed by immunoblot with anti-
bodies directed against phospho-TAK1 and phospho-Smad2/3. 
Figure 7B shows that fibroblasts overexpressing TGF-β-RI (WT 
and T204D mutant) display ligand-independent TAK1 activa-
tion. Conversely, Smad2/3 was only modestly activated.

We next evaluated if fibroblasts overexpressing TGF-β-RI 
show myofibroblast features, indicative of an activated pheno-
type. Figure 7C shows that the myofibroblast markers α-SMA 
and vimentin are upregulated in TGF-β-RI expressing fibro-
blasts. Taken together, these data demonstrate that fibroblasts 
overexpressing TGF-β-RI show constitutive activation of the 
non-canonical TGF-β signaling cascade, with acquisition of a 
myofibroblast phenotype.

Fibroblasts overexpressing the constitutively active TGF-β 
receptor kinase (RI; T204D) show increased autophagy and oxi-
dative stress-induced aerobic glycolysis. We next evaluated the 
metabolic profiles of fibroblasts with the constitutive activation 

Figure 4. Fibroblasts overexpressing TGF-β1, TGF-β2 or TGF-β3 show impaired mitochondrial 
function. (A) Cell lysates from TGF-β1, TGF-β2, TGF-β3 and Lv-105 control fibroblasts were 
subjected to immunoblot analysis with a panel of antibodies against OXPHOS subunits. Note 
that all three TGF-β isoforms induce a decrease in the expression of key subunits of mitochon-
drial OXPHOS complexes, relative to control cells (complex IV, COXII; complex III, Core 2 subunit; 
complex II, 30KDa FeS subunit; complex I, 20KDa subunit). However, TGF-β2 fibroblasts do not 
show a strong downregulation of complex III. β-actin was used as loading control. (B) Decreased 
mitochondrial activity of TGF-β-fibroblasts was independently confirmed by MitoTracker stain-
ing (red). Nuclei were stained with DAPI (blue). MitoTracker labels only “healthy” mitochondria, 
with an active membrane potential. Original magnification, 60x.
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production by constitutively-active TGF-β-RI mutant fibroblasts 
is strictly dependent on oxidative stress.

Fibroblasts overexpressing the TGF-β receptor kinase (RI) 
promote tumor growth, independently of angiogenesis. To deter-
mine the ability of fibroblasts expressing TGF-β-RI to promote 
tumor growth, we employed a tumor xenograft assay. Fibroblasts 
harboring the empty vector (Lv-105) or TGF-β-RI (WT vs. the 
T204D mutant) were co-injected with MDA-MB-231 cells into 
the flanks of nude mice. Tumor growth was monitored over a 
4-week period, after which the mice were sacrificed, and tumors 
were harvested and measured. Figure 9A shows that fibroblasts 
overexpressing TGF-βRI greatly increase tumor growth rates, 
relative to control cells. Figure 9B shows the measurements of 

examined the generation of reactive oxygen species (ROS) in 
fibroblasts harboring the empty vector (Lv-105), or TGF-β-RI 
(WT vs. T204D). Notably, TGF-β-RI mutant (T204D) fibro-
blasts show a > 5-fold augmentation of ROS production, relative 
to control cells (Fig. 8C). Conversely, TGF-β-RI WT fibroblasts 
do not show this phenotype.

We next asked if increased L-lactate secretion of TGF-β-RI 
(T204D) mutant fibroblasts is dependent on increased oxidative 
stress. To this end, TGF-β-RI (T204D) fibroblasts were treated 
with a potent antioxidant, N-acetyl-cysteine (NAC, 10 mM), for 
24 h. Then, L-lactate accumulation was measured in the condi-
tioned media. Figure 8D shows that NAC treatment decreases 
L-lactate generation by ~2-fold, indicating that the L-lactate 

Figure 5. Fibroblasts overexpressing TGF-β1, TGF-β2 or TGF-β3 promote tumor growth, in an angiogenesis-independent manner. (A) Tumor growth. 
To evaluate the tumor-promoting properties of TGF-β-fibroblasts, we used a xenograft model. TGF-β1, TGF-β2, TGF-β3 or Lv-105 control fibroblasts 
were co-injected with MDA-MB-231 breast cancer cells into the flanks of athymic nude mice. After 4 weeks tumors were analyzed. Note that all three 
TGF-β isoforms induce an increase in tumor weight and volume, compared with the Lv-105 empty vector control. Fold increases are as indicated. 
n = 10. All (*) p values were < 0.05. (B) Tumor angiogenesis. To evaluate if fibroblast-derived TGF-β promote tumor growth by increasing tumor 
angiogenesis, frozen tumor sections were analyzed by CD31 immunostaining. Quantification of the number of CD31 (+) vessels per field indicates 
that angiogenesis is not modified in the three TGF-β-xenograft groups, relative to control tumors, indicating that TGF-β-fibroblasts stimulate tumor 
growth independently of angiogenesis. (C) Mitochondrial activity. TGF-β-fibroblasts enhance mitochondrial activity in adjacent cancer epithelial cells. 
TGF-β ligand expressing fibroblasts and control fibroblasts were co-cultured with GFP-positive MDA-MB-231 cells. The cells were then labeled via 
MitoTracker staining (red). Nuclei were stained with DAPI (blue). Note that fibroblasts expressing TGF-β1, TGF-β2 or TGF-β3 specifically increase the 
mitochondrial activity of adjacent MDA-MB-231 cells (green), compared with empty vector Lv-105 control. In the top panel, white stars identify the 
nuclei of GFP-positive MDA-MB-231 cells. Original magnification, 60x.
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ligands act in a paracrine fashion on the tumor microenviron-
ment by activating TGF-β signaling in stromal cells.

Cancer cell-derived TGF-β ligands induces the metabolic 
reprogramming of fibroblasts, with increased autophagy, 

tumor weight and volume, demonstrating that fibroblasts 
overexpressing TGF-β-RI WT promote a 2.5-fold increase 
in tumor growth, while fibroblasts harboring the TGF-
β-RI mutant (T204D) induce a 3.5-fold increase, com-
pared with control cells.

To investigate if increased angiogenesis is one of the 
mechanism(s) of the tumor-promoting effects of TGF-
β-RI fibroblasts, CD31 immunostaining and quantitation 
were performed on tumor xenografts. Figure 9C shows that 
the tumors derived from TGF-β-RI WT fibroblasts display 
a vessel density similar to the control tumors. However, 
tumors derived from fibroblasts with constitutively active 
TGF-β-RI show a 30% increase in vessel density, as com-
pared with the control. However, as the fibroblasts with 
constitutively active TGF-β-RI show a 3.5-fold increase in 
tumor growth, it is unlikely that a 30% increase in angio-
genesis is the mechanism driving increased tumorigenesis.

These data indicate that activation of the TGF-β path-
way in stromal cells drives tumorigenesis via an autocrine-
loop in fibroblasts. Mechanistically, activation of the 
TGF-β pathway induces the metabolic reprogramming 
of stromal cells, with increased oxidative stress, autophagy 
and glycolysis, thereby promoting oxidative mitochondrial 
metabolism and anabolic growth of adjacent cancer cells via 
energy-transfer.

Dissecting the compartment-specific action of TGF-β 
in breast tumorigenesis: TGF-β ligand overexpression 
in cancer cells drives tumor growth, but TGF-β recep-
tor kinase (RI) overexpression in cancer cells does not 
affect tumor growth. We next evaluated if activation of the 
TGF-β pathway in cancer cells drives tumor growth. One 
hypothesis is that fibroblast-derived TGF-β ligands could 
also act on cancer cells in a paracrine fashion. To this end, 
we overexpressed TGF-β ligands in MDA-MB-231 cells. 
In parallel, we also overexpressed TGF-β-RI (WT or the 
constitutively active T204D mutant) in MDA-MB-231 
cells. Empty vector (Lv-105) control cells were generated 
in parallel. In this way, we reasoned that we could distin-
guish between the cell-autonomous effects of the activa-
tion of the TGF-β pathway (cancer cells overexpressing the 
activated TGF-β receptor), vs. the paracrine role of cancer 
cell-derived TGF-β on the tumor microenvironment (can-
cer cells overexpressing TGF-β ligands). Figure 10A shows 
that all three TGF-β ligands and TGF-β-RI were success-
fully overexpressed in MDA-MB-231 breast cancer cells.

To investigate the effects of TGF-β ligands and TGF-
β-RI overexpression in breast cancer cells in vivo, trans-
fected MDA-MB-231 cells were injected into the flanks 
of athymic nude mice. Interestingly, MDA-MB-231 cells 
overexpressing TGF-β-RI (WT or the T204D mutant) 
show tumor growth rates similar to the empty vector con-
trol (Lv-105). Conversely, MDA-MB-231 cells overexpress-
ing TGF-β ligands display a dramatic increase in tumor growth, 
relative to the empty vector control (Fig. 10B and C). These data 
suggest that activation of the TGF-β pathway in cancer cells does 
not support tumor growth, but rather cancer cell-derived TGF-β 

Figure 6. Tumors derived from TGF-β ligand overexpressing fibroblasts dis-
play increased extracellular matrix deposition. (A and B) It is well known that 
TGF-β stimulates the secretion of type I collagen and Tenascin C. To evaluate 
extracellular matrix deposition, paraffin-embedded xenograft sections were 
immunostained with antibodies against type I collagen (A) and Tenascin C (B). 
Note that tumors derived from TGF-β1, TGF-β2 and TGF-β3-fibroblasts show 
increased levels of type I collagen and Tenascin C relative to the empty vector 
Lv-105 control. Representative images are shown. Original magnification, 40x.
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hTERT-immortalized normal fibroblasts were co-cultured with 
GFP-positive MDA-MB-231 cells overexpressing TGF-β1, TGF-
β-RI WT or the empty vector control (Lv-105) for 4 d. Then, 
cells were immunostained with antibodies directed against 
MCT4 (a marker of glycolysis and oxidative stress), BNIP3 (a 
marker of autophagy/mitophagy) and Cav-1 (a marker whose loss 
reflects oxidative stress and a lethal microenvironment).

Figure 11A shows that the expression levels of MCT4 
and BNIP3 are increased in fibroblasts co-cultured with 
MDA-MB-231 cells secreting the TGF-β ligand. However, these 
paracrine effects were not observed with MDA-MB-231 cells 
harboring the TGF-β receptor (RI) or the empty-vector control 
(Lv-105). Similarly, Cav-1 expression levels are decreased in fibro-
blasts co-cultured with MDA-MB-231 cells secreting the TGF-β 
ligand. Again, such paracrine effects were not observed with 
MDA-MB-231 cells harboring the TGF-β receptor (RI) or the 
empty-vector control (Fig. 11B). These results demonstrate that 
cancer cell-derived TGF-β ligands affect neighboring stromal 
cells, inducing Cav-1 downregulation and the metabolic repro-
gramming of stromal cells toward a catabolic phenotype.

We next asked if TGF-β-activated fibroblasts can also affect 
neighboring normal stromal cells by inducing Cav-1 downregu-
lation. To this end, GFP-positive normal fibroblasts were co-cul-
tured with fibroblasts harboring the TGF-β ligand, the TGF-β 
receptor (RI) or the empty-vector alone (Lv-105). Then, these 
cells were immunostained with antibodies directed against Cav-1 
or LC3. Importantly, Cav-1 expression is lost during autophagy, 
while increased LC3 punctate staining marks the presence of 
autophagosomes.

Figure 12A shows that Cav-1 levels are decreased in nor-
mal fibroblasts co-cultured with activated fibroblasts harboring 
either the TGF-β ligand or the TGF-β receptor (RI), but not the 
empty-vector alone (Lv-105). Similarly, punctate LC3 staining is 
greatly augmented only in normal fibroblasts co-cultured with 
TGF-β activated fibroblasts (Fig. 12B). These results indicate 
that TGF-β-activated fibroblasts can induce a bystander effect, 
effectively spreading the loss of Cav-1 and activating an autopha-
gic process in “normal” neighboring fibroblasts.

In summary, our data indicate that the role of TGF-β in 
tumorigenesis is compartment-specific. Ligand-dependent or 
cell-autonomous activation of TGF-β signaling in stromal cells 
induces their metabolic reprogramming, with increased oxida-
tive stress, autophagy/mitophagy and glycolysis via the down-
regulation of Cav-1. These metabolic alterations can then spread 
to neighboring fibroblasts and profoundly accelerate the growth 
of breast cancer cells. Conversely, activation of the TGF-β path-
way in cancer cells does not directly influence tumor growth, 
but cancer cell-derived-TGF-β ligands can metabolically repro-
gram adjacent stromal cells in a paracrine fashion, leading to 
enhanced tumor growth. Thus, TGF-β activation in cancer-
associated fibroblasts spreads like a virus, converting normal 
fibroblasts to an autophagic phenotype. As such, stromal TGF-β 
activation functionally acts as the “Pied Piper of Hamelin,” 
actively driving adjacent normal fibroblasts toward a catabolic 
state that fuels tumor growth via an insidious energy-transfer 
mechanism.

glycolysis and Cav-1 downregulation. To directly validate 
the hypothesis that cancer cell-derived TGF-β ligands acti-
vate TGF-β signaling in adjacent fibroblasts, leading to their 
metabolic reprogramming, we employed a co-culture system. 

Figure 7. Fibroblasts overexpressing TGF-β-RI, WT and a constitu-
tively active mutant (T204D), show increased expression of myofibro-
blast markers, with activation of the non-canonical TAK1 pathway. 
(A) TGF-‑β‑RI expression. Fibroblasts overexpressing TGF-β-RI WT or a 
constitutively active mutant (T204D) were generated using a lentiviral 
approach. Their successful overexpression was verified by immunoblot-
ting. (B) TGF-β signaling. To evaluate the activation of TGF-β signaling, 
the phosphorylation of TAK1 and Smad2/3 was assessed by immunob-
lot analysis. Note that phospho-TAK1 is elevated in fibroblasts harbor-
ing TGF-β-RI WT and the T204D mutant, relative to the empty vector 
control. Conversely, phospho-Smad2/3 is only modestly activated. 
(C) Myofibroblast markers. The overexpression of TGF-β-RI leads to 
increased expression of myofibroblast markers. Immunoblot analysis 
was performed with antibodies direct against α-SMA and vimentin. 
Note that fibroblasts expressing TGF-β-RI WT or the activated mutant 
(T204D) show the upregulation of both myofibroblast markers. β-actin 
was used as a loading control for all experiments.
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Figure 8. Fibroblasts overexpressing TGF-β-RI WT and the activated mutant (T204D) show increased autophagy, glycolysis and oxidative stress. 
(A) Autophagy. Cell lysates from Lv-105 control fibroblasts and fibroblasts overexpressing TGF-β-RI (WT and T204D mutant) were subjected to im-
munoblot analysis with several autophagy/mitophagy markers. Note that that expression of TGF-β-RI increases the levels of cathepsin B (precursor 
and active form), Beclin-1, LC3 (I, precursor I and II, cleaved form) and BNIP3. β-actin was used as equal loading control. (B) Lactate assay. Cell culture 
media from Lv-105 control and TGF-β-RI (WT and mutant) fibroblasts were analyzed to determine lactate concentration. Lactate concentrations were 
normalized for protein content. Note that TGF-β-RI T204D fibroblasts, but not TGF-β-RI WT fibroblasts, display a > 2-fold increase of L-lactate genera-
tion, compared with empty vector control processed in parallel. P values are as indicated. (C) Oxidative stress. ROS production was measured by FACs 
analysis as described in Materials and Methods. Note the TGF-β-RI (T204D) fibroblasts, but not TGF-β-RI WT fibroblasts, display a > 5-fold increase 
in ROS production, relative to the empty vector control. (D) Antioxidant treatment. Lactate concentration was measured on the cell culture media of 
TGF-β-RI T204D mutant fibroblasts treated with vehicle alone or NAC (10 mM) for 24 h. Values were normalized for protein content (left) or cell number 
(right). Note that NAC treatment induces a dramatic reduction of L-lactate secretion in fibroblasts overexpressing the TGF-β-RI constitutively active 
T204D mutant. P values are as indicated. NAC, N-acetyl-cysteine.
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Discussion

The TGF-β-mediated autocrine loop and cancer metabolism. A 
loss of stromal Cav-1 is a biomarker of poor prognosis in human 
breast cancers.19,20 Mechanistically, a loss of Cav-1 in CAFs 
induces the metabolic reprogramming of stromal cells and is 
associated with increased autophagy, mitophagy, mitochondrial 
dysfunction and aerobic glycolysis.28,38 As a consequence, Cav-
1-low CAFs generate nutrients (such as L-lactate, ketone bodies, 
glutamine, and other chemical building blocks) that can “fuel” 
mitochondrial metabolism and the anabolic growth of adjacent 
epithelial cancer cells.

It is also known that Cav-1 negatively regulates TGF-β signal-
ing, and that loss of Cav-1 is associated with hyperactive TGF-β 
signaling and with a fibroblast-to-myofibroblast conversion.23,25 
It remains unknown, however, if hyperactivation of the TGF-β 
pathway contributes to the metabolic reprogramming of Cav-1-
low CAFs. It also remains unresolved what is the compartment-
specific role TGF-β signaling in cancer cells and in stromal cells.

To address these issues, here, we have overexpressed (1) TGF-β 
ligands or (2) the TGF-β receptor kinase (RI), in stromal cells 
and in breast cancer cells. We show that the role of TGF-β in 
tumorigenesis is highly compartment-specific. Our results indi-
cate that TGF-β promotes tumorigenesis by altering the metabo-
lism of cancer-associated fibroblasts and shifting them toward 
catabolic metabolism. Importantly, the tumor-promoting effects 
of TGF-β are independent of the cell type generating TGF-β.

Ligand-dependent or cell-autonomous activation of the 
TGF-β pathway in stromal cells induces their metabolic repro-
gramming, with increased oxidative stress, autophagy/mitophagy 
and aerobic glycolysis, with the downregulation of Cav-1. These 
metabolic alterations can spread among neighboring fibroblasts 
and greatly sustain the anabolic growth of breast cancer cells. 
Thus, stromal-derived TGF-β activates TGF-β signaling in stro-
mal cells in an autocrine fashion (Fig. 12A), leading to fibroblast 
activation, as judged by increased expression of myofibroblast 
markers, and metabolic reprogramming, with a shift toward cat-
abolic metabolism and oxidative stress (Fig. 12C). Conversely, 
activation of the TGF-β pathway in cancer cells does not influ-
ence tumor growth, but cancer cell-derived-TGF-β ligands affect 
stromal cells in a paracrine fashion, leading to fibroblast activa-
tion and enhanced tumor growth (Fig. 12B).

Previous studies have demonstrated that autocrine TGF-β sig-
naling generates a tumor-promoting microenvironment by initiat-
ing and sustaining the conversion of fibroblasts to myofibroblasts.47 
In this previous study, however, the contributions of metabolic 
alterations in the tumor microenvironment were not evaluated.

The role of TGF-β in the regulation of cancer metabolism 
remains largely unexplored. TGF-β was shown to induce autoph-
agy in supporting cells of the glomerular capillaries, as an escape 
mechanism against apoptosis, through activation of the TAK and 
Akt pathways.48 In addition, TGF-β can enhance the glycolytic 
power of renal cells, as judged by decreased oxygen consumption, 
inhibition of the ATPase activity and increased L-lactate produc-
tion.49 Our results clearly show that ligand-dependent or consti-
tutive activation of the TGF-β pathway in stromal cells potently 

induces an autophagic program specifically in the stromal cells 
of the tumor microenvironment, and promotes glycolysis and 
oxidative stress. We also show that TGF-β-activated fibroblasts 
promote the mitochondrial activity of adjacent cancer cells. 
Thus, our data establish a clear causative connection between the 
tumor-promoting effects of TGF-β signaling and the metabolic 
reprogramming of the tumor microenvironment.

Compartment-specific role of TGF-β signaling in the breast 
cancer tumor microenvironment: Stromal vs. epithelial TGF-β 
activation. It is well known that TGF-β has potent tumor inhibi-
tory properties and also potent transforming functions.8 One of 
the theories to explain this paradox is that TGF-β functions as a 
tumor suppressor in normal cells during tumor initiation, but as 
a tumor promoter during cancer progression and metastasis. Our 
data provide an alternative explanation to explain the dual role of 
TGF-β during tumorigenesis.

We show here that the role of TGF-β in tumorigenesis is com-
partment-specific, and TGF-β signaling in stromal cells induces 
their metabolic reprogramming, and this event is required for 
its tumor-promoting effects. It is also known that many of the 
TGF-β tumor-suppressor functions occur through the canoni-
cal Smad-signaling cascade.13 Consistent with this idea, in our 
system, TGF-β-activated fibroblasts showed little, if any, Smad-
activation, indicating the tumor-inhibitory arm of the TGF-β 
pathway may be suppressed. Notably, we observed that the pro-
tumorigenic properties of TGF-β-activated fibroblasts were inde-
pendent from its other functions, such as angiogenesis, that are 
traditionally believed to act downstream of the TGF-β pathway. 
Our data indicate that activation of the TGF-β pathway in stro-
mal cells induces their metabolic reprogramming, with increased 
oxidative stress, autophagy/mitophagy and aerobic glycolysis and 
the downregulation of Cav-1.

Conversely, activation of the TGF-β pathway in cancer cells 
does not influence tumor growth, but cancer cell-derived-TGF-β 
ligands affect stromal cells in a paracrine fashion, leading to 
enhanced tumor growth. Using a coculture system of breast 
cancer cells and fibroblasts, we observed that cancer cell-derived 
TGF-β activates TGF-β signaling in adjacent fibroblasts, induc-
ing the upregulation of MCT4 (a marker of glycolysis and oxida-
tive stress) and BNIP3 (a marker of autophagy/mitophagy) and 
the loss of Cav-1 (a marker of oxidative stress and a lethal micro-
environment). Thus, we believe that by inducing the metabolic 
reprogramming of stromal cells toward a more catabolic pheno-
type, cancer cell-derived TGF-β promotes tumor growth.

In conclusion, our data provide novel insights into the role 
of TGF-β pathway in breast tumorigenesis, and disclose a pre-
viously unrecognized role for TGF-β signaling in generating a 
tumor-promoting microenvironment by shifting stromal cells 
toward catabolic metabolism. (Fig. 13)

Materials and Methods

Cell culture. Human breast cancer cells (MDA-MB-231) stably 
transfected with GFP (a generous gift from Dr. A. Fatatis, Drexel 
University) and human immortalized fibroblasts (hTERT-BJ1), 
were both cultured in Dulbecco’s modified Eagle’s medium 
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Figure 9. Fibroblasts overexpressing TGF-β-RI promote tumor growth, without a dramatic increase in angiogenesis. (A and B) Tumor growth. To 
evaluate the tumor-promoting properties of TGF-β-RI (WT and mutant) fibroblasts, we used a xenograft model. Fibroblasts (control, TGF-β-RI WT 
and TGF-β-RI mutant) were co-injected with MDA-MB-231 cells into the flanks of athymic nude mice. (A) Tumor growth rates were monitored over a 
4-week period. P values were < 0.02 (B) After 4 weeks, tumors were dissected to determine weight and volume. Note that fibroblasts overexpressing 
TGF-β-RI WT or T204D mutant induce an increase of tumor weight and volume, compared with the empty vector Lv-105 controls. Fold increases are as 
indicated. n = 10. P values were < 0.008. (C) Tumor angiogenesis. Tumor frozen sections were immunostained with anti-CD31 antibodies. Quantifica-
tion of CD31-positive vessels indicate that only fibroblasts overexpressing TGF-β-RI mutant induces a 30% increase in tumor angiogenesis, compared 
with the empty vector control or TGF-β-RI WT fibroblasts. However, the increase in angiogenesis is modest, relative to the increase in tumor growth.
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Figure 10. MDA-MB-231 breast cancer cells overexpressing TGF-β ligands, but not TGF-β-RI, promote tumor growth. (A) TGF-β-ligands (1, 2 and 3) or 
TGF-β-receptors [RI; WT vs. the activated mutant (T204D)] were overexpressed in MDA-MB-231 cells. Lv-105 empty vector control cells were generated 
in parallel. Overexpression was confirmed by immunoblotting with antibodies directed against pan-TGF-β or the TGF-β-RI. β-actin was used as an 
equal loading control. (B and C) MDA-MB-231 cells expressing either Lv-105 (empty vector), TGF-β-ligands (1, 2 and 3) or TGF-β-receptors [RI; WT vs. the 
activated mutant (T204D)] were injected into the flanks of athymic nude mice. (B) Tumor growth rates. P values were < 0.02. (C) Tumor weight and vol-
ume was measured 3 weeks post-injection. Note that MDA-MB-231 cells overexpressing TGF-β-ligands (1, 2 and 3) promote tumor growth, resulting in 
a 3-, 2- and 3.4-fold increase in tumor weight, respectively, and a 3.9-, 2.5- and 3.9-fold increase in tumor volume, respectively, relative to control cells. 
Conversely, MDA-MB-231 cells overexpressing TGF-β-receptors [RI; WT vs. the activated mutant (T204D)] do not show any changes in tumor growth, 
compared with the vector-alone controls. P values were < 0.05. n = 10 tumors per experimental group.

(DMEM), supplemented with 10% fetal bovine serum, 100 
units/mL penicillin, and 100 μg/mL streptomycin. Cells were 
maintained at 37°C in 5% CO

2.

Lentiviral transduction. Lentiviral vectors (all from 
GeneCopoeia, Inc.) encoding TGF-β1 (EX-A1003-Lv-105), 
TGF-β2 (EX-Z0977-Lv-105), TGF-β3 (EX-Q0079-Lv-105), 
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Figure 11. Cancer cell-derived TGF-β1 induces the metabolic reprogramming of fibroblasts, 
with increased autophagy, glycolysis and Cav-1 downregulation. (A and B) To directly evalu-
ate if cancer cell-derived TGF-β ligands activates TGF-β signaling in adjacent fibroblasts, we 
employed a co-culture system. Normal fibroblasts were co-cultured with GFP-positive MDA-
MB-231 cells (green) overexpressing TGF-β1 for 4 d. Then, the cells were immunostained with 
antibodies directed against MCT4, BNIP3, or Cav-1 (red). Nuclei were counter-stained with 
DAPI (blue). As controls, fibroblasts co-cultured with empty vector Lv-105-MDA-MB-231 cells 
or TGF-β-RI WT-MDA-MB-231 cells were fixed and stained in parallel. Representative images 
from confocal cross-sections are shown. (A) The expression of BNIP3 (a mitophagy marker) 
and MCT4 (a marker of glycolysis and oxidative stress) is increased in fibroblasts co-cultured 
with TGF-β1-MDA-MB-231 cells, as compared with fibroblasts co-cultured with Lv-105-MDA-
MB-231 and TGF-β-RI WT-MDA-MB-231. (B) Cav-1 expression is decreased in fibroblasts 
co-cultured with TGF-β1-MDA-MB-231 cells, as compared with fibroblasts co-cultured with 
Lv-105-MDA-MB-231 and TGF-β-RI WT-MDA-MB-231. These results demonstrate that cancer 
cell-derived-TGF-β1 affects stromal cells in a paracrine fashion, inducing Cav-1 downregu-
lation and the metabolic reprogramming of stromal cells toward a catabolic phenotype. 
Original magnification, 40x.

TGF-β-RI WT (EX-A0923-Lv-105), TGF-
β-RI T204D (CS-A0923-Lv-105) or the 
empty vector (EX-NEG-Lv-105), were sta-
bly transfected into the 293Ta packaging 
cells (GeneCopoeia, Inc.), according to the 
manufacturer’s protocol. Two days post-trans-
fection, the viral supernatant was collected, 
centrifuged, filtered [(0.45 μM PES (poly-
ethersulfone) low-protein-binding filter] and 
added to the target cells (either hTERT-BJ1 
fibroblasts or MDA-MB-231 breast cancer 
cells) in the presence of 5 μg/ml polybrene. 
Twenty-four hours post-infection, media-
containing virus was removed and replaced 
with standard media. Cells were selected with 
1.5 μg/ml (for hTERT-BJ1) or 2.0 μg/ml (for 
MDA-MB-231) puromycin.

Immunoblot analysis. Cells were harvested 
and lysed in lysis buffer (10 mM TRIS-HCl pH 
7.5, 150 mM NaCl, 1% Triton X-100, 60 mM 
octyl-glucoside), supplemented with protease 
and phosphatase inhibitors (Roche Applied 
Science). After rotation at 4°C for 40 min, 
samples were centrifuged 10 min at 13,000x 
g at 4°C, and the supernatants were collected 
to remove insoluble debris. Protein concentra-
tions were analyzed using the BCA reagent 
(Pierce-Thermo Scientific). For HIF-1α detec-
tion, cells were scraped in urea lysis buffer (10 
mM TRIS-HCl pH 6.6, 6.7 M urea, 10% 
glycerol, 1% SDS, 1% Triton X-100, with pro-
tease inhibitors), homogenized and incubated 
on ice for 10 min. Then, the samples were cen-
trifuged 10 min at 13,000 x g at 4°C and the 
supernatants were collected. Protein concentra-
tions were determined using the Bradford assay 
(BioRad). An equal amount of proteins (30 
μg) was boiled for 5 min, separated by SDS-
PAGE (10 or 12% acrylamide) and transferred 
to nitrocellulose membranes. Membranes were 
blocked with TBS/Tween-20 (20 mM Tris 
pH 7.6, 150 mM NaCl, and 0.05% Tween-
20) supplemented with 1% BSA and 4% 
nonfat milk for 1 h at room temperature. For 
phospho-antibody, the blocking solution con-
tained only 5% BSA in TBS-Tween-20 (with-
out non-fat dry milk). The membranes were 
incubated with primary antibodies for 1 h at room temperature, 
washed and incubated for 30 min with horseradish peroxidase-
conjugated secondary antibodies [anti-mouse 1:6,000 dilution 
(Pierce) or anti-rabbit 1:5,000 (BD Biosciences/PharMingen)] at 
room temperature, and revealed with Supersignal chemilumines-
cence substrate (Pierce). As internal control, all membranes were 
subsequently stripped (Restore Western Blot Stripping Solution, 
Thermo Scientific) for 30 min at room temperature and re-probed 
with anti β-actin (Sigma-Aldrich A5441).

The following primary antibodies were used for immunob-
lotting: smooth muscle actin (Santa Cruz; sc-53142); beclin-1 
(Novus Biologicals; NBP1–00085); BNIP3 (Abcam; ab10433); 
cathepsin B (FL-339) (Santa Cruz; sc-13985); LC3 (Abcam; 
ab48395); HIF-1α (BD Biosciences; 610959); Cav-1 (mAb 
clone 2297) (BD Biosciences; 610407); Vimentin (R28) (Cell 
Signaling; 3932); Calponin 1/2/3 (FL-297) (Santa Cruz; 
sc-28545); phospho-AKT (Thr-308) (Cell Signaling; 4056); 
phospho-AKT (Ser-473) (Cell Signaling; 9271); total AKT 
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was changed to DMEM containing 2% FBS. 
After 72 h, cells were incubated with the pre-
warmed MitoTracker staining solution (25 nM, 
MitoTracker Orange; CMTMRos, cat#M7510, 
Invitrogen). Then, the cells were washed in 
PBS supplemented with calcium and mag-
nesium three times and fixed with 2% PFA. 
Cells were incubated with DAPI nuclear stain 
(D3571, Invitrogen) and mounted with Prolong 
Gold Anti-Fade mounting reagent (P36930, 
Invitrogen). Images were collected with a Zeiss 
LSM510 meta-confocal system with a 60x 
objective.

L-lactate assay. 100,000 cells were plated 
onto 12-well plates in standard media. After 
24 h, the media was changed to DMEM con-
taining 2% FBS. After 2 days, the media was 
collected to measure lactate concentration using 
the EnzyChromTM L-Lactate Assay Kit (cat 
#ECLC-100, BioAssay Systems), according to 
the manufacturer’s instructions. Results were 
normalized to the cellular protein content or for 
the number of cells. For NAC treatment, cells 
were incubated with 10 mM NAC (N-acetyl-
cysteine) for 24 h before L-lactate measurement.

ROS assay. Cells were plated at a density 
of 130,000 per well in 12-well plates in com-
plete media. After 48 h, cells were washed and 
incubated for 15 min at 37°C with 10 μM 
CM-H2DCFDA (Invitrogen). Then, cells were 
washed 3x with HBSS, and placed in standard 
media for 15 min at 37°C. Then, cells were 
washed with PBS, trypsinized, resuspended 
in PBS, and ROS were quantified by FACS 
using BD LSRII (BD Bioscience). Results 
were analyzed using the FlowJo software (Tree 
Star Inc.).

Animal studies. All animals were housed 
and maintained in a barrier facility at the 
Kimmel Cancer Center at Thomas Jefferson 
University under National Institutes of Health 
(NIH) guidelines. Mice were kept on a 12 h 
light/dark cycle with ad libitum access to chow 
and water. Approval for all animal protocols 
was obtained via the Institutional Animal 
Care and Use Committee (IACUC). Briefly, 
MDA-MB-231 cancer cells (1 x 106 cells) alone 

or admixed with fibroblasts (3 x 105 cells) were resuspended in 
100 μl of sterile PBS and injected into the flanks of athymic 
nude mice (NCRNU, Taconic Farms; 6–8 weeks of age). Tumor 
growth was monitored for 4 weeks post-injection; the mice were 
sacrificed and tumors were dissected to determine weight and size 
using calipers. Tumor volume was calculated using the formula 
(X2Y)/2, where X and Y are the short and long tumor dimen-
sions, respectively. Tumors were either fixed with 10% formalin 
or flash-frozen in liquid nitrogen-cooled isopentane.

(Cell Signaling; 9272); APG5 (Biosensis; R-111–100); phospho-
Smad2/3 (Ser-423/425) (Santa Cruz; sc-11769); total Smad2/3 
(Cell Signaling; 5678); phospho-Tak1 (Thr-184/187) (Cell 
Signaling; 4531); total Tak1 (Cell Signaling; 4505); pan-TGF-β 
(Cell Signaling; 3711); TGF-β-RI (V22) (Santa Cruz; sc-398); 
OXPHOS cocktail (Mitosciences; MS601).

Mitochondrial activity. Fibroblasts were seeded on glass 
coverslips alone or in co-culture with GFP-MDA-MB-231 
cells in 12-well plates in complete media. After 24 h, the media 

Figure 12. TGF-β activated fibroblasts induce the metabolic reprogramming of “normal” 
fibroblasts, with increased autophagy and Cav-1 downregulation. (A and B) To evaluate 
if fibroblasts with an activated TGF-β pathway affect adjacent stromal cells, GFP-positive 
normal fibroblasts (Green) were co-cultured with fibroblasts overexpressing TGF-β1, TGF-
β-RI WT or the Lv-105 empty vector control for 3 d. Then, cells were immunostained with 
antibodies against Cav-1 or LC3 (red). To detect LC3, prior to fixation, cells were incubated 
with HBSS in the presence of 25 μM Chloroquine for 6 h. Fibroblasts co-cultured with 
fibroblasts overexpressing TGF-β1 or TGF-β-RI WT display decreased levels of Cav-1 (A) 
but increased activation of LC3 (B) as compared with fibroblasts co-cultured with control 
fibroblasts. Importantly, matched images were acquired using identical exposure settings. 
Original magnification, 40x for (A), and 80x for (B).
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66 h, and then were incubated for 6 h with HBSS/40 mM Hepes 
and 25 μM chloroquine. Cells were fixed with 2% PFA and per-
meabilized with 0.1% Triton-X100 plus 0.2% BSA. Then, to 
quench free aldehyde groups, cells were incubated with 25 mM 
NH

4
Cl in PBS for 10 min. Cells were washed with PBS and incu-

bated with anti-Cav-1 (N20) (Santa Cruz; sc-894), anti-BNIP3 

Quantification of tumor angiogenesis. CD31 immunostain-
ing was performed on frozen tumor sections (6 μm). A three-
step biotin-streptavidin-horseradish peroxidase method was used 
for antibody detection. Frozen tissue sections were fixed in 4% 
paraformaldehyde in PBS for 10 min at 4°C and washed with 
PBS. After fixation, sections were blocked with 10% rabbit serum 
and incubated overnight at 4°C with rat anti-mouse CD31 anti-
body (BS Biosciences). Then, the sections were incubated with 
biotinylated rabbit anti-rat IgG (1:200) antibody and streptavi-
din-HRP. Immunoreactivity was revealed with 3.3'-diaminoben-
zidine. The total number of vessel per unit area was scored, and 
the data was represented graphically.

Immuno-histochemistry. Formalin-fixed, paraffin-embed-
ded tumor sections were de-paraffinized, rehydrated and washed 
in PBS. Antigen retrieval was performed with 10 mM sodium 
citrate, pH 6.0 for 10 min using a pressure cooker. After blocking 
with 3% hydrogen peroxide for 10 min, sections were incubated 
with 10% goat serum for 1 h. Then, sections were incubated with 
primary antibodies [Tenascin C (Leica Microsystems; NCL-
TENAS-C) and type I collagen (Cell Sciences; PS065)] over-
night at 4°C. Antibody binding was detected using a biotinylated 
secondary (Vector Labs) followed by streptavidin-HRP (Dako). 
Immunoreactivity was revealed using 3.3'-diaminobenzidine. 
Then, sections were counter-stained with hematoxylin.

Immuno-fluorescence. For fibroblast/cancer cell co-culture 
experiments, fibroblasts and GFP-positive MDA-MB-231 cells 
[harboring TGF-β1, TGF-β-RI WT or the vector alone con-
trol (Lv-105)] were plated onto glass coverslips at the ratio 5:1 
in 12-well plates in standard media. The day after, the media 
was changed to DMEM with 10% NuSerum (BD Biosciences) 
and cells were maintained in coculture for 96 h. For fibroblast-
fibroblast co-cultures, GFP-positive hTERT-fibroblasts and 
transfected fibroblasts [harboring TGF-β1, TGF-β-RI WT or 
the vector alone control (Lv-105)] were plated onto glass cover-
slips at the ratio 2:3 in 12-well plates in standard media. The day 
after, the media was changed to DMEM with 10% NuSerum 
(BD Biosciences) and cells were maintained in coculture for 72 
h. Cells were fixed with 2% PFA and permeabilized with cold 
methanol. To detect LC3, cells were maintained in coculture for 

Figure 13. Autocrine and paracrine TGF-β signaling in cancer-associ-
ated fibroblasts fuels the anabolic growth of adjacent breast cancer 
cells. (A) Autocrine loop. Stromal-derived TGF-β activates signaling in 
stromal cells in an autocrine fashion, leading to fibroblast activation. 
Activated catabolic fibroblasts then promote the mitochondrial activ-
ity and anabolic growth of adjacent epithelial cancer cells. (B) Para-
crine loop. Cancer cell-derived-TGF-β ligands affect stromal cells in 
a paracrine fashion, leading to fibroblast activation (catabolism) and 
enhanced tumor growth. However, activation of the TGF-β pathway in 
cancer cells does not influence tumor growth. (C) Fibroblast activation. 
Ligand-dependent or cell-autonomous activation of the TGF-β path-
way in stromal cells induces fibroblast activation. Features of activated 
fibroblasts include increased expression of myofibroblast markers, and 
metabolic reprogramming toward catabolic metabolism. Thus, TGF-
β-activated fibroblasts show increased oxidative stress, autophagy/mi-
tophagy and glycolysis, and downregulation of Cav-1. These metabolic 
alterations can also spread to neighboring “normal” fibroblasts in a 
paracrine fashion and greatly sustain the anabolic growth of breast 
cancer cells.
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