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Functionally, we show that cancer cell-induced oxidative 
stress causes DNA double-strand breaks in co-cultured fibro-
blasts, as seen by gamma-H2AX staining. Treatment of normal 
fibroblasts with the pro-oxidant drug BSO mimics the presence 
of cancer cells, inducing Cav-1 downregulation and the forma-
tion of DNA double-strand breaks. Furthermore, siRNA-medi-
ated Cav-1 knock-down triggers gamma-H2AX foci formation, 

feed-forward control, such that a rise in ROS levels decreases 
Cav-1 expression and low Cav-1 levels further generates ROS  
production.

Previous studies have shown that NAC treatment effectively 
inhibits tumor growth by preventing DNA damage and genetic 
instability as well as by decreasing HIF-1 levels.37,38 Metformin 
is an anti-diabetes drug that functions as a complex I inhibi-
tor and blocks mitochondrial-dependent ROS production.29,30 
Metformin inhibits breast cancer cell growth and was shown to 
act in combinations with conventional chemotherapy to reduce 
tumor mass and prevent relapse in a xenograft tumor model.39,40 
Long-term use of metformin is associated with decreased inci-
dence and improved prognosis in breast cancer patients.41 Here, 
we provide solid evidence that anti-oxidants (such as NAC and 
metformin) dramatically restore the expression of stromal Cav-
1, suggesting an alternative mechanism by which anti-oxidants 
delay tumor growth.

Figure 12. Lactate treatment promotes mitochondrial biogenesis in 
MCF7 cells. (A) Lactate administration increases the mitochondrial mass 
of MCF7 cells. Homotypic cultures of MCF7 cells were treated with 10 
mM L-lactate or vehicle alone (H2O) for 48 hours. Cells were fixed and 
immunostained with an anti-intact mitochondrial membrane antibody 
(red). DAPI was used to stain nuclei (blue). Note that lactate treatment 
increases mitochondrial mass in MCF7 cells, thus simulating the co-cul-
ture with fibroblasts. Importantly, images were acquired using identical 
exposure settings. Original magnification, 63x. (B) Quercetin increases 
Cav-1 expression in fibroblasts in co-cultures. hTERT-fibroblast-MCF7 
cell co-cultures were incubated with 10 mM quercetin—an MCT inhibi-
tor or vehicle alone (DMSO) control for 5 days. Cells were fixed and 
immunostained with anti-Cav-1 (red) and anti-K8/18 (green) antibodies. 
DAPI was used to stain nuclei (blue). Note that upon quercetin treat-
ment, Cav-1 levels are increased in fibroblasts. Importantly, images were 
acquired using identical exposure settings. Original magnification, 40x.

Figure 13. Nitric oxide production induces mitochon-
drial dysfunction in fibroblasts. (A) eNOS recombinant 
overexpression decreases mitochondrial activity and 
phenocopies loss of Cav-1. hTERT-fibroblasts transiently 
expressing eNOS or the GFP-control were incubated 
with MitoTracker (red). eNOS (green) was visualized 
using an eNOS antibody while GFP-controls (green) 
were visualized using autofluorescence. DAPI was used 
to stain nuclei (blue). Note that mitochondrial activity 
is undetectable in eNOS expressing cells, and even in 
eNOS negative cells that are adjacent to eNOS positive 
cells. This is consistent with the idea that NO is a diffus-
ible metabolite which mediates a “field effect” (see the 
white arrow, pointing at a single eNOS positive cell, sur-
rounded by 8 eNOS negative fibroblasts). GFP-control 
cells display high levels of mitochondrial staining, as 
expected. Importantly, images were acquired using 
identical exposure settings. Original magnification, 
63x. (B) eNOS recombinant overexpression decreases 
mitochondrial mass. hTERT-fibroblasts stably overex-
pressing eNOS also show dramatic reductions in mito-
chondrial mass, as compared with control fibroblasts 
stably expressing GFP. Cells were fixed and immunos-
tained with an anti-intact mitochondrial membrane 
antibody (red). DAPI was used to stain nuclei (blue). 
Original magnification, 63x.
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disease brain,43 the pathogenesis of which is associated with oxi-
dative stress, NO over-production (peroxynitrite formation), 
inflammation, hypoxia and mitochondrial dysfunction. Finally, 
we observed that the profiles of Cav-1 (-/-) stromal cells were 
most similar to the tumor-stroma of breast cancer patients that 
had undergone lymph node metastasis.27 This tumor-stroma 
“metastasis-prone” gene set also independently shows significant 
associations with oxidative stress, DNA damage and Alzheimer’s 
disease,27 suggesting that certain fundamental biological pro-
cesses are common to both an activated tumor stroma and neuro-
degenerative stress.

Concomitantly, oxidative stress in fibroblasts induces aneu-
ploidy in adjacent MCF7 cells, a genetic alteration associated with 
poor prognosis in human malignancies, including breast cancer. 
In breast cancer, aneuploidy is detected in DCIS lesions, indi-
cates poor prognosis in patients with early stage disease and pre-
dicts poor response to conventional chemotherapy.44,45 The idea 
that cancer cells acquire genetic alterations by an oxidative stress 
induced “bystander effect” was first suggested in the pathogenesis 
of colorectal cancer. For example, infection by Enterococcus fae-
calis, a bacterium known to generate ROS, was shown to induce 
genetic instability and aneuploidy in colonic cells.31

We show here for the first time that oxidative stress in CAFs 
is sufficient to promote genomic instability in adjacent cancer 
cells, indicating that the tumor stroma can potentially increase 
cancer cell aggressive behavior, via a bystander effect. We also 
provide evidence that cancer cells “buffer” themselves against 
oxidative damage, by the compensatory upregulation of anti-
oxidant enzymes, such as peroxiredoxin-1.

Mitochondrial function and ROS production in the tumor 
stroma are poorly-characterized phenomena. How does a loss 

clearly indicating that a loss of Cav-1 in fibroblasts is sufficient 
to promote DNA damage. Importantly, treatment with the anti-
oxidant NAC or with L-NAME, a NOS inhibitor, is sufficient 
to prevent gamma-H2AX foci formation, directly demonstrating 
a role for oxidative stress as a driver of DNA damage in stro-
mal cells. Interestingly, gene expression profiling of grade 3 reac-
tive stroma, which is associated with poor clinical outcome in 
prostate cancer, shows the significant upregulation of the DNA  
damage/repair pathways, compared to adjacent normal stroma. 
Thus, DNA damage in the tumor stroma is associated with a 
poor prognosis.42

Similarly, we have observed, using genome-wide transcrip-
tional profiling of Cav-1 (-/-) null stromal cells, that these cells 
exhibit key transcriptional profiles associated with ROS pro-
duction, DNA damage and oxidative stress, as well as HIF-
activation.43 Moreover, the transcriptional profile of Cav-1 (-/-) 
null stromal cells also significantly overlapped with Alzheimer’s 

Figure 14. Rescue of mitochondrial dysfunction with L-NAME, an 
inhibitor of NO production. (A) L-NAME increases mitochondrial activ-
ity. hTERT-fibroblasts were treated for 24 hours with 20 mM L-NAME 
or vehicle alone (H2O) before incubation with MitoTracker (red). DAPI 
was used to stain nuclei (blue). Note that L-NAME treatment greatly in-
creases mitochondrial activity. Original magnification, 63x. (B) L-NAME 
abrogates the mitochondrial phenotypes in co-cultured cells. hTERT-
fibroblast-MCF7 cell co-cultures were incubated with 20 mM L-NAME 
or vehicle alone (H2O) control for 24 hours. Then, cells were incubated 
with MitoTracker (red), fixed and immunostained with anti-K/18 (green) 
antibodies. DAPI was used to stain nuclei (blue). Note that upon L-NAME 
treatment, mitochondrial activity is increased in fibroblasts and de-
creased in MCF7 cells. Stars denote fibroblast nuclei. Upper panels show 
only the red channel to appreciate the MitoTracker staining, while the 
lower panels show the merged images of K8/18 and DAPI. Importantly, 
images were acquired using identical exposure settings. Original mag-
nification, 40x.

Figure 15. Rescue of DNA damage in fibroblast-MCF7 co-cultures with 
NAC and L-NAME. Treatment with NAC and L-NAME abolishes DNA dou-
ble strand breaks in co-culture. Day2 co-cultures of hTERT-fibroblasts 
and MCF7 cells were treated with 10 mM NAC or with 20 mM L-NAME or 
with vehicle alone (H2O) for 72 hours. Then, cells were immunostained 
with anti-gamma-H2AX (red) antibodies. DAPI was used to stain nuclei 
(blue). Upper panels show only the red channel to appreciate gamma-
H2AX staining, while the lower panels show nuclei staining. High levels 
of DNA double strand breaks are detected in co-cultured cells. Note 
that treatment with NAC and L-NAME abolishes DNA double strand 
breaks in co-cultured cells. Importantly, images were acquired using 
identical exposure settings. Original magnification, 40x.
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knock-down in fibroblasts is sufficient to increase the expres-
sion of two master regulators of glycolysis, HIF-1α and PKM2. 
PKM2 is a glycolytic enzyme previously shown to drive aerobic 
glycolysis in tumors. These results suggest that a loss of Cav-1 
promotes aerobic glycolysis in CAFs, and the creation of an 

indicate that a loss of Cav-1 in fibroblasts drives 
functional inactivation of mitochondria, with 
decreased PDH activity and reduced oxidative phos-
phorylation. In addition, we provide evidence that 
NO over-production, secondary to a loss of Cav-1, 
is the basis for mitochondrial dysfunction in tumor 
fibroblasts. Importantly, eNOS overexpression 
mimics Cav-1 knock-down in fibroblasts, inducing 
a remarkable reduction in functional mitochondria. 
Treatment with L-NAME restores mitochondrial 
activity, suggesting that NOS inhibition is normally 
required to control mitochondrial activity. It is well 
known that Cav-1 functions as a very potent inhibi-
tor of NOS activity, and that a loss of Cav-1 pro-
motes NO production. Functionally, NO induces 
DNA damage, mitochondrial uncoupling and 
increased ROS levels.

We show that via NO over-production, Cav-1 
knock-down hampers the functionality of com-
plexes I, IV and V in fibroblasts, leading to impaired 
oxidative phosphorylation and increased oxidative 
stress. ROS generation occurs predominantly in 
complex I and III of the mitochondrial respiratory 
chain,46 and is greatest when oxidative phosphory-
lation is impaired.47,48 It is known that defects in 
the assembly and stability of complex I suppress 
oxidative phosphorylation and lead to increased 
ROS production.49,50 Furthermore, complex IV is 
the rate-limiting complex of the electron transport 
chain,51 stressing the significance of mitochondrial 
dysfunction upon Cav-1 downregulation.

Importantly, Cav-1 knock-down induces 
decreased PDH activity in fibroblasts. PDH, a key 
enzymatic complex linking glycolysis to aerobic res-
piration, converts pyruvate into acetyl-CoA, allow-
ing the TCA cycle to proceed. It is known that ROS 
lead to decreased activity of PDH.52 Reduction in 
PDH enzymatic rates forces the conversion of pyru-
vate to lactate, thus creating a lactate-rich microenvironment. 
Notably, HIF-1α activation is sufficient to inhibit PDH activity.46

It is well established that oxidative stress induces HIF-1α, 
driving the metabolic switch from mitochondrial respira-
tion to glycolysis. We show here that siRNA-mediated Cav-1 

Figure 16. Paracrine NO production downregulates Cav-1 in adjacent 
normal fibroblasts: Evidence for a field effect. NO-overproduction down-
regulates Cav-1 expression. hTERT-fibroblasts stably expressing eNOS 
(eNOS-fibro) were co-cultured with control hTERT-fibroblasts for 5 days. 
Homotypic cultures of both types of fibroblasts were also established in 
parallel. Then, cells were immunostained with anti-Cav-1 (red) and eNOS 
(green) antibodies. DAPI was used to stain nuclei (blue). Upper panels 
show only the red channel to appreciate Cav-1 staining, while the lower 
panels show the merged images. Note that co-culture of eNOS-fibro-
blasts and hTERT-fibroblasts (originally plated in a 1:1 cell ratio) greatly 
downregulates Cav-1 expression in all cells, suggesting a “field effect” 
secondary to NO over-production. Importantly, images were acquired 
using identical exposure settings. Original magnification, 40x.

Figure 17. Cav-1 downregulation provides a “feed-forward” mechanism for oxidative 
stress. Here, we show that epithelial cancer cells (MCF7) have the ability to induce ROS 
production in adjacent normal fibroblasts (Fig. 1A). This may be due to the produc-
tion of ROS species in epithelial cancer cells, which are then transferred to fibro-
blasts, initiating a cascade of oxidative stress in fibroblasts. In support of this notion, 
epithelial cancer cells need to be in direct contact with fibroblasts to mediate Cav-1 
downregulation. For example, conditioned media from MCF7 epithelial cancer cells is 
not sufficient to downregulate Cav-1 in fibroblasts. Oxidative stress, in turn, induces 
the onset of autophagy and the production of auto-phagosomes that fuse with 
lysosomes, leading to the degradation of intracellular organelles, such as caveolae and 
mitochondria. This would promote a loss of Cav-1 expression, which we have shown 
is sufficient to drive additional ROS production (Fig. 2B). In support of this model, we 
have previously demonstrated that chloroquine blocks the stromal loss of Cav-1 ex-
pression in fibroblast/MCF7 co-cultures.15 Similalry, treatment with anti-oxidants (such 
as NAC, metformin and quercetin) also blocks the stromal loss of Cav-1 expression 
in fibroblast/MCF7 co-cultures (see Figs. 1B, C and 12B). Thus, the proposed model 
explains how both anti-oxidants and anti-lysosomal agents prevent the loss of Cav-1 
in our co-culture studies.

of Cav-1 in CAFs induce oxidative stress? Our data 
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energy rich microenvironment to stimulate mitochondrial bio-
genesis and oxidative metabolism in adjacent cancer cells (the 
“Reverse Warburg Hypothesis”). Others have also shown that 
glycolytic CAFs are associated with increased tumorigenesis. 
Laser-capture micro-dissection and genetic profiling of CAFs 
in prostate cancer have shown the upregulation of phosphoglyc-
erate kinase-1 (PGK1), a glycolytic enzyme directly involved 
in CXCL12 signaling. Functionally, overexpression of PGK1 
in normal fibroblasts is sufficient to induce a CAFs conversion 
and to promote in vivo growth of co-implanted prostate tumor  
cells.53

In support of the idea that fibroblasts promote aerobic respira-
tion in adjacent tumor cells, we show a significant increase in the 
mitochondrial mass of MCF7 cells co-cultured with fibroblasts. 
Importantly, treatment with L-NAME decreases mitochondria 
activity in co-cultured MCF7 cells, suggesting that NO over-
production is necessary to fuel oxidative metabolism of cancer 
cells. Interestingly, administration of lactate leads to increased 
mitochondrial mass in MCF7 cells, clearly indicating that high 
lactate levels mimic the nutrient-rich microenvironment created 
by CAFs.

Conversely, fibroblasts co-cultured with MCF7 cells display 
a reduction in mitochondrial mass, consistent with the idea that 
CAFs display a loss of Cav-1, undergo a glycolytic switch, with 
impaired oxidative phosphorylation. Others have shown that 
hypoxic and aerobic tumor cells have a symbiotic relationship 
whereby lactate is produced by hypoxic cells and taken up by 
aerobic cells to be used as an important source of energy.54 Our 
results suggest that fibroblasts and cancer epithelial cells estab-
lish a metabolic parasitic relationship, whereby cancer cells force 
adjacent fibroblasts to provide nutrients to promote their own 
survival.

Interestingly, our data show that cancer cells cultured alone 
display a very reduced mitochondrial mass. However, upon the 
simulation of in vivo conditions by co-culture with stromal fibro-
blasts, cancer cells rapidly increase their mitochondrial mass, 
suggesting that the “conventional” Warburg effect is an in vitro 
artifact. In direct support of this notion, previous studies have 
suggested that cell culture greatly impacts the metabolic proper-
ties of epithelial cells. For example, when renal tubular cells are 
transferred into tissue culture dishes, they revert from oxidative 
metabolism to high rates of glycolysis.55

In direct support of our current studies, a review of previously 
published electron micrographs of both primary and metastatic 
human breast cancers56,57 reveals that the epithelial cancer cells 
contain abundant mitochondria, while the adjacent fibroblasts 
have a paucity of mitochondria, directly demonstrating “the 
reverse Warburg effect” in vivo. However, the authors failed to 
comment on these findings.

Oxidative stress and autophagy in stromal Cav-1 degrada-
tion. In a recent report, we used our novel fibroblast-MCF7 cell 
culture model to assess the effects of breast cancer cells on the 
behavior of adjacent fibroblasts. We directly demonstrated, using 
this model, that loss of Cav-1 in stromal fibroblasts is induced by 
breast cancer cells and confers a cancer-associated fibroblast phe-
notype characterized by the expression of myofibroblast marker 

Figure 18. Oxidative stress in cancer associated fibroblasts functions 
as a “metabolic” and “mutagenic” motor, driving epithelial cancer 
cell evolution. An oxidative stress based model of tumor-stroma co-
evolution is presented, which summarizes our current findings. In this 
model, the mutagenic evolution and metabolic coupling of cancer cells 
with adjacent fibroblasts during tumor formation is highlighted. First, 
cancer cells induce a loss of Cav-1 in adjacent fibroblasts. Loss of Cav-1 
triggers NO production, mitochondrial dysfunction and oxidative stress 
in fibroblasts—via ROS production. In turn, oxidative stress affects both 
cancer cells and fibroblasts. In cancer cells, oxidative stress promotes 
DNA damage and genetic instability, by a bystander effect. Thus, cancer 
cells induce oxidative stress in fibroblasts, which sequentially leads to 
their own mutagenesis, promoting a more aggressive phenotype (muta-
genic evolution). On the other hand, oxidative stress triggers autophagy/
mitophagy and aerobic glycolysis in CAFs, with HIF-1α upregulation, 
inducing the creation of a lactate-rich microenvironment. In this way, 
CAFs provide nutrients to cancer cells, to stimulate their mitochondrial 
biogenesis, and directly fuel oxidative metabolism (metabolic cou-
pling). In addition, cancer cells escape oxidative mitochondrial damage 
and apoptosis by the upregulation of anti-oxidant enzymes, such us 
peroxiredoxin-1. Oxidative stress-induced autophagy may play a key role 
in mediating both Cav-1 downregulation and in the disposal of  dam-
aged mitochondria, promoting aerobic glycolysis in cancer-associated 
fibroblasts (the Reverse Warburg effect). For example, treatment with an 
autophagy inhibitor (namely chloroquine) blocks the downregulation 
of Cav-1 observed upon co-culture with MCF7 cells,15 suggesting that 
Cav-1 and caveolae both undergo autophagic-lysomal degradation in 
fibroblasts.
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In support of these ideas, here we show that bystander oxida-
tive stress is sufficient to induce DNA damage and aneuploidy 
in co-cultured MCF7 cells. Furthermore, we demonstrate that 
eNOS-expressing fibroblasts (undergoing oxidative and nitrative 
stress) have the ability to induce the downregulation of Cav-1 in 
adjacent normal fibroblasts, when they are co-cultured together. 
Thus, oxidative and/or nitrative stress in cancer-associated fibro-
blasts provides a new paradigm by which we can understand how 
“field cancerization” occurs, and how it can be propagated from 
cell-to-cell in a “contagious” fashion. As such, oxidative stress 
may function as the “Pied Piper” of field cancerization, spread-
ing from cell-to-cell, inducing oxidative stress and DNA damage 
in other adjacent cell types, essentially propagated as a “wave of 
oncogenic stress.” Consistent with our findings, nitro-tyrosine 

proteins, increased extracellular matrix produc-
tion and activated TGFbeta signaling. More spe-
cifically, we also showed that MCF7 cells induce 
the downregulation of Cav-1 in adjacent fibro-
blasts by lysosomal degradation, as treatment of 
co-cultures with chloroquine was sufficient to res-
cue Cav-1 expression in co-cultured fibroblasts. 
Here, we observe that oxidative stress induces 
Cav-1 downregulation in fibroblasts, and we can 
rescue Cav-1 expression in co-cultured fibroblasts 
by treatment with anti-oxidants, such as NAC, 
metformin and quercetin. How do we reconcile 
these observations? Interestingly, oxidative stress 
is known to induce a cellular degradative pro-
cess called autophagy. In autophagy, autophagic 
phagosomes form to degrade intracellular organ-
elles, via fusion with lysosomes. In this regard, it 
is interesting to note that choloroquine is both an 
inhibitor of lysosomes and autophagy. Thus, we 
believe that Cav-1 downregulation is mediated 
by an autophagic process that culminates in lyso-
somal degradation. This would directly explain 
why both inhibitors of oxidative stress and lyso-
somes prevent the loss of Cav-1 in co-cultured 
fibroblasts. Furthermore, autophagic destruction 
of damaged mitochondria would also explain 
how mitochondria are lost in fibroblasts during 
their co-culture with cancer cells, initiating aero-
bic glycolysis in stromal cells. In direct support 
of these assertions, we show here that co-cultured 
fibroblasts accumulate vesicular structures that 
we have identified as autophagosomes, by immu-
nostaining with the well-established autophagy 
marker—namely LC3.

Does oxidative stress mediate the “field 
effect” in cancer biology? The “field effect” is a 
well-established paradigm in cancer biology. In 
the field effect, it is believed that both the malig-
nant tumor cells and the surrounding or adjacent 
normal area have undergone a mysterious “can-
cerization” process to allow for the development 
of multiple independent foci of tumor growth 
in a given area.58-62 Both genetic and epigenetic alterations have 
been invoked to explain the field effect, but it still remains an 
enigma. Here, we suggest that the field effect could be mediated 
and propagated by oxidative (ROS) and nitrative (NO) stress 
in cancer-associated fibroblasts (Fig. 19). First, we envision that 
cancer cells could induce oxidative stress in adjacent fibroblasts. 
Then, oxidative stress in the adjacent fibroblasts could be lat-
erally propagated from cell-to-cell like a virus, resulting in the 
amplification of oxidative stress in a given tissue area or field. 
This would then provide a “mutagenic/oxidative field” result-
ing in widespread ROS production and DNA damage. This 
bystander oxidative stress could then mutagenize adjacent nor-
mal epithelial cells or cancer cells, resulting in more aggressive 
cancer cells.

Figure 19. Oxidative stress drives tissue cancerization: The field effect. In the field effect, 
it is believed that both the malignant tumor cells and the surrounding or adjacent normal 
area have undergone a mysterious “cancerization” process to allow for the develop-
ment of multiple independent foci of tumor growth in a given area. Both genetic and 
epigenetic alterations have been invoked to explain the field effect, but it still remains 
an enigma. Here, we suggest that the field effect could be mediated and propagated by 
oxidative (ROS) and nitrative (NO) stress in cancer associated fibroblasts. First, we envision 
that cancer cells could induce oxidative stress in adjacent fibroblasts. Then, oxidative 
stress in the adjacent fibroblasts could be laterally propagated from cell-to-cell like a 
virus, resulting in the amplification of oxidative stress in a given tissue area or field. This 
would then provide a “mutagenic/oxidative field” resulting in widespread ROS produc-
tion and DNA damage. In support of these ideas, here we show that bystander oxidative 
stress is sufficient to induce DNA damage and aneuploidy in co-cultured MCF7 cells. Fur-
thermore, we demonstrate that eNOS-expressing fibroblasts (undergoing oxidative and 
nitrative stress) have the ability to induce the downregulation of Cav-1 in adjacent normal 
fibroblasts, when they are co-cultured together. Thus, oxidative and/or nitrative stress in 
cancer associated fibroblasts provides a new paradigm by which we can understand how 
“field cancerization” occurs, and how it can be passed from cell-to-cell in a “contagious” 
fashion, essentially propagated as “waves of oncogenic stress”.
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Measurement of reactive oxygen species. CM-H
2
DCFDA 

is a cell-permeable molecule used to measure intracellular ROS. 
CM-H

2
DCFDA is a non-fluorescent molecule (DCFH) that, 

when taken up by cells, is de-acetylated leading to intracellu-
lar “entrapment.” Subsequently, DCFH is rapidly oxidized to a 
highly fluorescent derivative (DCF) that is a measure of intra-
cellular oxidant production.22 The CM-H

2
DCFDA fluorescence 

method was used according to the manufacturer’s instructions 
and was previously described.85 Briefly, cells were washed twice 
with HBSS buffer, incubated with 10 µM CM-H

2
DCFDA for 

15 min at 37°C, then washed with PBS three times and fixed 
with 2% paraformaldehyde. Nuclei were counter-stained with 
Hoechst. Samples were then mounted with slow-fade anti-
fade immediately prior to imaging by laser scanning confocal 
microscopy. To control for staining specificity, cells were also 
treated with 10 mM NAC overnight prior to CM-H

2
DCFDA 

incubation.
Immunocytochemistry. Immuno-cytochemistry was per-

formed as previously described.14 All steps were performed 
at room temperature. Briefly, after 30 minutes fixation in 2% 
paraformaldehyde, cells were permeabilized for 10 minutes 
with immunofluorescence (IF) buffer (PBS, 0.2% BSA, 0.1% 
TritonX-100). Then, cells were incubated for 10 minutes with 
NH

4
Cl in PBS to quench free aldehyde groups. Primary antibod-

ies were incubated in IF buffer for 1 hour. After washing with IF 
buffer (3x, 10 minutes each), cells were incubated for 30 minutes 
with fluorochrome-conjugated secondary antibodies diluted in 
IF buffer. Finally, slides were washed with IF buffer (3x, 10 min-
utes each), incubated with the nuclear stain and mounted.

Confocal microscopy. Images were collected with a Zeiss 
LSM510 meta confocal system using a 405 nm Diode excitation 
laser with a band pass filter of 420–480 nm, a 488 nm Argon 
excitation laser with a band pass filter of 505–550 nm and a 543 
nm HeNe excitation laser with a 561–604 nm filter. Images were 
acquired with 20x, 40x or 63x objectives as stated in the Figure 
legends.

Cav-1 knockdown. siRNA-mediated Cav-1 knock-down was 
performed using the HiPerFect transfection reagents (Qiagen) 
as per manufacturer instructions, with minor modifications. 
Briefly, 100,000 cells were seeded in 12-well plates in 350 µL 
of complete media and were transfected within 30 minutes of 
plating. Transfection reaction was prepared by mixing 100 ng of 
Cav-1 siRNA (SI00299635, Qiagen) or 100 ng control siRNA 
(1022076, Qiagen) with 100 µL of serum free media and 6 µL 
of HiPerFect reagent. After vortexing for 30 seconds, the mix-
ture was incubated for 15 minutes at room temperature and then 
added drop-wise on the freshly seeded cells. 3 hours after trans-
fection, 800 µL of complete media was added to the cells. Cav-1 
knock-down was monitored 36–48 h after transfection.

Flow cytometric analysis. GFP (+) MCF7 cells were plated in 
co-culture with hTERT-fibroblasts or in mono-culture. The day 
after, media was changed to DMEM with 10% NuSerum and 
cells were grown for additional 48 hours. Then, to isolate the GFP 
(+) MCF7 cell population, co-cultured cells were sorted using 
a 488 nm laser. As a critical control, mono-cultures of GFP (+) 
MCF7 cells were sorted in parallel. For DNA content analyses, 

production and polymorphisms in eNOS are associated with 
increased breast cancer risk.63-68 Conversely, treatment with 
NAC, an anti-oxidant that directly feeds the reduced glutathi-
one pool, dramatically relieves oxidative stress and blocks tumor 
growth, as well as tumor multiplicity,69-73 consistent with our 
hypothesis. Similar anti-tumor effects have also been observed 
with L-NAME, a NOS inhibitor, as well.74-78 Importantly, NOS 
isoforms are highly expressed in wound-healing fibroblasts,79-84 
consistent with the idea that cancer is a “wound” that does not 
heal.

Experimental Procedures

Materials. Antibodies were as follows: Cav-1 (sc-894, Santa 
Cruz Biotech for immunofluorescence; 610407, BD Biosciences 
for WB); cytokeratin 8/18 (20R-CP004, Fitzgerald Industries 
International); HIF-1α (610959, BD Biosciences); surface of 
intact mitochondria (MAB1273, Millipore); Mitoprofile total 
OXPHOS cocktail (MS601, Mitosciences), Mitoprofile PDH 
cocktail (MSP02, Mitosciences), Mitoprofile membrane integrity 
cocktail (MS620, Mitosciences); LC3A/B (ab58610, Abcam); 
gamma-H2AX (phospho S139) (ab18311, Abcam); peroxire-
doxin 1 (ab15571, Abcam); eNOS (610296, BD Biosciences); 
β-tubulin (Sigma); LDHB (AV48210, Sigma); PKM1 and 
PKM2 (Proteintech, crude serum antibody for PKM2 immu-
nohistochemistry, affinity purified antibodies for WB); sec-
ondary antibodies for immunofluorescence were Alexa green 
488 nm and Alexa Orange-Red 546 nm (Invitrogen). Other 
reagents were as follows: L-lactate, N-acetyl cysteine (NAC), 
buthionine sulfoxide (BSO), metformin, quercetin, N-nitro-L-
arginine methyl ester (L-NAME) and Hoechst-33258 stain were 
from Sigma. 4,6-diamidino-2-phenylindole (DAPI) (D3571), 
MitoTracker CMTMRos (M7510), Prolong Gold Antifade 
mounting reagent (P36930), Slow-Fade Anti-fade reagent 
(S2828), 5-(and 6-) carboxy-2',7'-dichlorodihydrofluorescein 
diacetate (CM-H

2
DCFDA; C369), propidium iodide (PI) were 

from Invitrogen. The Annexin V-Cy5 Apoptosis Detection Kit 
was from Abcam (ab14150).

Cell cultures. Human skin fibroblasts immortalized with 
telomerase reverse transcriptase protein (hTERT-BJ-1) were 
originally purchased from Clontech, Inc. The breast can-
cer cell lines MCF7 and MDA-MB 231 were purchased from 
ATCC. All cells were maintained in DMEM with 10% Fetal 
Bovine Serum (FBS) and Penicillin 100 units/mL-Streptomycin 
100 µg/mL.

Co-cultures of MCF7 cells and fibroblasts. hTERT-fibro-
blasts and MCF7 cells were plated on glass coverslips in 12-well 
plates in 1-ml of complete media. MCF7 cells were plated within 
2 hours of fibroblast plating. The total number of cells per well 
was 1 x 105. Experiments were performed at a 5:1 fibroblast-to-
epithelial cell ratio. As controls, monocultures of fibroblasts and 
MCF7 cells were seeded using the same number of cells as the 
corresponding co-cultures. The day after plating, media was 
changed to DMEM with 10% NuSerum (a low protein alterna-
tive to FBS; BD Biosciences) and Pen-Strep. Cells were main-
tained at 37°C in a humidified atmosphere containing 5% CO

2
.
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membranes were incubated with the primary antibody for 1 hour, 
washed and incubated for 30 min with horseradish peroxidase-
conjugated secondary antibodies. The membranes were washed 
and incubated with an enhanced chemi-luminescence substrate 
(ECL; Thermo Scientific).

Animal studies. Animals were housed and maintained in a 
pathogen-free environment/barrier facility at the Kimmel Cancer 
Center at Thomas Jefferson University under National Institutes 
of Health (NIH) guidelines. Mice were kept on a 12 hour light/
dark cycle with ad libitum access to chow and water. Approval 
for all animal protocols used for this study was reviewed and 
approved by the Institutional Animal Care and Use Committee 
(IACUC). Briefly, tumor cells (MDA-MB-231 (GFP(+)); 1 x 106 
cells) were mixed with hTERT-fibroblasts (3 x 105 cells) in 100 
µl of sterile PBS and were co-injected into the flanks of athymic 
NCr nude mice (NCRNU; Taconic Farms; 6–8 weeks of age). 
After 2 weeks, mice were sacrificed; tumors were excised and fro-
zen in liquid nitrogen-cooled isopentane.

Immunohistochemistry. Frozen sections (6 µm) were fixed 
with 2% paraformaldehyde for 10 minutes. After blocking with 
10% goat serum, the sections were incubated with primary anti-
bodies for 1 hour at room temperature. Then, sections were incu-
bated with secondary antibodies for 30 minutes. Finally, sections 
were washed three times with PBS (10 minutes each wash), incu-
bated with DAPI and mounted. Images were acquired with LSM 
530 confocal microscope.

eNOS expression. The eNOS (EX-Q0563-Lv105) and 
GFP control (EX-EGFP-Lv105) vectors were purchased from 
GeneCopoeia and lenti-viruses were prepared according to the 
manufacturer’s protocol. Virus-containing media were centri-
fuged, filtered (0.45 µM PES low protein filter) and stored in 
1 mL aliquots at -80°C. hTERT-fibroblasts (120,000 cells/well) 
were plated in 12 well dishes in growth media. After 24 hours, 
the media was removed and replaced with 250 µl DMEM + 
5% FBS, 150 µl of virus-containing media and 5 µg/ml poly-
brene. 24 hours post transfection, media containing virus was 
removed and replaced with DMEM with 10% NuSerum. Cells 
were cultured for 48 hours prior to incubation with Mitotracker. 
For generating stably overexpressing eNOS hTERT-fibroblasts, 
after infection, the cells were selected with puromycin for  
three days.

Conclusions

In summary, we provide key mechanistic evidence directly sup-
porting the “reverse Warburg effect,” and suggesting that acute 
loss of Cav-1 leads to mitochondrial impairment, oxidative stress 
and aerobic glycolysis in CAFs. As a consequence, CAFs secrete 
high levels of energy-rich metabolites (such as lactate), to directly 
fuel mitochondrial-dependent ATP production in cancer cells. 
We also show that oxidative stress in CAFs is sufficient to induce 
genetic instability in adjacent cancer cells, potentially increasing 
their aggressive behavior. Finally, we provide evidence that NO 
over-production, secondary to a loss of Cav-1, is the key factor 
driving mitochondrial dysfunction and oxidative stress in CAFs. 
Thus, we introduce a novel model of mutagenic co-evolution and 

sorted cells were fixed in 70% EtOH overnight at 4°C and stained 
with PI. DNA cell content was analyzed by flow cytometry. For 
proliferation analysis, cells were incubated with BrdU (Amersham 
Pharmacia Biotech) for one hour before sorting. Cells were 
washed in PBS, fixed in cold 70% ethanol and flow cytometry was 
employed for analysis of nascent DNA synthesis (BrdU incorpora-
tion), as previously described.86 Cell cycle analysis was performed 
using FlowJo 8.8 software. BrdU data is represented as a percent-
age of the total population.

Annexin V apoptosis detection. Apoptosis was quantified by 
Flow Cytometry using the Annexin V-Cy5 apoptosis detection 
kit, as the per manufacturer’s instructions (Abcam). Briefly, GFP 
(+) MCF7 cells and hTERT-fibroblasts were plated as co-cultures 
and homotypic cultures in 12 well plates, as previously described 
above. The day after, media was changed to DMEM with 10% 
NuSerum. After 48 hours, cells were collected by centrifugation 
and re-suspended in 500 µL of Annexin V Binding Buffer. 5 µL 
of annexin V-Cy5 antibody was added and incubated in the dark 
at room temperature for 5 minutes. Cells were then analyzed 
by Flow Cytometry using a GFP signal detector with excitation 
wavelength of 488 nm and emission of 530 nm and a Cy5 signal 
detector with excitation wavelength of 649 nm and emission of 
670 nm.

Mitochondrial staining. To stain mitochondria, rosamine-
based MitoTracker Orange CMTMRos (#M7510, Molecular 
Probes) was used. MitoTracker stains live mitochondria with 
an intact membrane potential and is preserved upon fixation. It 
provides a qualitative measurement of mitochondrial membrane 
potential. The lyophilized MitoTracker product was dissolved in 
DMSO to prepare a 1 mM solution, immediately before use. The 
1 mM stock solution was diluted in serum free DMEM to a final 
concentration of 25 nM. Cells were incubated with pre-warmed 
MitoTracker staining solution for 10 minutes at 37°C. Then, cells 
were washed in PBS and fixed with 2% PFA. An antibody against 
the intact surface of mitochondria (MAB 1273, Millipore) was 
also used to visualize mitochondria by immuno-cytochemistry. 
Finally, western blot analysis was performed using cocktails of 
anti mitochondrial antibodies detecting (1) subunits of complexes 
involved in oxidative phosphorylation, (2) PDH subunits and  
(3) mitochondrial membrane integrity.

Western blotting. hTERT-fibroblasts were harvested in lysis 
buffer (10 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% Triton 
X-100, 60 mM octylglucoside), containing protease inhibitors 
(Roche Applied Science) and phosphatase inhibitors (Roche 
Applied Science) and centrifuged at 13,000x g for 15 min at 4°C 
to remove insoluble debris. Protein concentrations were analyzed 
using the BCA reagent (Pierce) For HIF-1α detection, cells were 
scraped in urea lysis buffer (6.7 M urea, 10% glycerol, 1% SDS, 
10 mM Tris-HCl pH 6.6, 1% Triton X-100, protease inhibitors), 
homogenized for 5 seconds and incubated on ice for 10 minutes. 
After centrifugation to remove insoluble debris, protein concen-
tration was determined using the Bradford assay (BioRad). 30 µg 
of proteins were loaded and separated by SDS-PAGE and trans-
ferred to a 0.2 µm nitrocellulose membrane (Fisher Scientific). 
After blocking for 30 min in TBST (10 mM Tris-HCl pH 8.0, 
150 mM NaCl, 0.05% Tween-20) with 5% nonfat dry milk, 
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metabolic coupling to explain the prognostic value of a loss of 
stromal Cav-1 in breast cancer. We propose that cancer cells use 
oxidative stress in adjacent fibroblasts (1) to improve their own 
survival (via the extraction of nutrients) and (2) to drive their 
mutagenic evolution towards a more aggressive phenotype.
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