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Abstract
Cancer cells don’t exist as pure homogeneous populations in vivo. Instead they are embedded in
“cancer cell nests” that are surrounded by stromal cells, especially cancer associated fibroblasts.
Thus, it is not unreasonable to suspect that stromal fibroblasts could influence the metabolism of
adjacent cancer cells, and visa versa. In accordance with this idea, we have recently proposed that
the Warburg effect in cancer cells may be due to culturing cancer cells by themselves, out of their
normal stromal context or tumor microenvironment. In fact, when cancer cells are co-cultured
with fibroblasts, then cancer cells increase their mitochondrial mass, while fibroblasts lose their
mitochondria. An in depth analysis of this phenomenon reveals that aggressive cancer cells are
“parasites” that use oxidative stress as a “weapon” to extract nutrients from surrounding stromal
cells. Oxidative stress in fibroblasts induces the autophagic destruction of mitochondria, by
mitophagy. Then, stromal cells are forced to undergo aerobic glycolysis, and produce energy-rich
nutrients (such as lactate and ketones) to “feed” cancer cells. This mechanism would allow cancer
cells to seed anywhere, without blood vessels as a food source, as they could simply induce
oxidative stress wherever they go, explaining how cancer cells survive during metastasis. We
suggest that stromal catabolism, via autophagy and mitophagy, fuels the anabolic growth of tumor
cells, promoting tumor progression and metastasis. We have previously termed this new paradigm
“The Autophagic Tumor Stroma Model of Cancer Metabolism”, or the “Reverse Warburg Effect”.
We also discuss how glutamine addiction (glutaminolysis) in cancer cells fits well with this new
model, by promoting oxidative mitochondrial metabolism in aggressive cancer cells.
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1. Caveolin-1 and Cancer Biomarker Studies
Caveolins are a family of scaffolding proteins that function in endocytosis, signal
transduction, and cholesterol transport [1]. Caveolins 1 and 2 are ubiquitously expressed,
while the expression of caveolin-3 is muscle-specific [1,2]. In adipocytes, endothelial cells,
and fibroblasts, caveolin-1 (Cav-1) plays a prominent role as an inhibitor of eNOS and
iNOS, via interactions with the caveolin-scaffolding domain [2].

We have recently identified a loss of stromal Cav-1 as single independent predictor of
clinical outcome in human breast cancer patients. More specifically, we see that a loss of
stromal Cav-1 (in cancer associated fibroblasts) strictly correlates with early tumor
recurrence, lymph node metastasis, increased tumor stage, tamoxifen-resistance, and overall
poor clinical outcome [3,4]. Importantly, the predictive value of a loss of stromal Cav-1 is
independent of epithelial marker status, indicating that it is a useful biomarker in all the
most common epithelial sub-types of human breast cancer, including ER+, PR+, HER2+,
and triple-negative breast cancers. In fact, in triple negative breast cancers, patients with
high stromal Cav-1 show an overall survival rate of >75.5 at 12 years post-diagnosis [5]. In
contrast, triple negative patients with a loss of stromal Cav-1, have an overall survival rate
of <10% at 5 years post-diagnosis. Similar results were obtained with DCIS patients, where
a loss of stromal Cav-1 was predictive of disease recurrence and progression to invasive
ductal carcinoma [6].

Furthermore, a loss of stromal Cav-1 in prostate cancer patients correlated with advanced
prostate cancer and the presence of metastatic disease, as well as high Gleason score,
another indicator of poor prognosis [7]. Thus, a loss of stromal Cav-1, in the cancer
associated fibroblast compartment, may be a universal or widely-applicable biomarker for a
host of different epithelial tumor types.

2. The Warburg Effect, PET Scanning, and the Tumor Stroma
Otto Warburg described mouse ascites cancer cells as having increased glycolysis and
lactate production, compared to normal mouse liver and kidney cells in the presence of
oxygen (for review see [8,9]). This has been termed the Warburg effect or aerobic
glycolysis. Studies have confirmed that aerobic glycolysis is a major contributor to total
ATP production in certain types of cancer cells cultured under high oxygen conditions [10–
13]. However, other cancer cell bioenergetic studies have shown that the tricarboxylic acid
cycle (TCA) and oxidative phosphorylation are the most important pathways for ATP
generation and aerobic glycolysis contributes much less to ATP generation [14,15].

It is felt that the Warburg effect has important implications for cancer diagnosis and
treatment. For example, PET scanning in cancer evaluation is thought to be useful because
cancer cells have increased aerobic glycolysis and increased 2 deoxyglucose uptake.
However, there is discordance between tumor PET avidity and cancer cell metabolism.
Clear cell renal carcinoma is frequently associated with increased aerobic glycolysis, VHL
gene mutations, HIF1a activation and increased glucose uptake. Despite increased aerobic
glycolysis in clear renal carcinoma cells, PET scanning is not clinically useful in this disease
with a substantial number of tumors being PET negative [16,17]. In Hodgkin’s lymphoma,
PET scanning is routinely used for disease evaluation and yet the neoplastic lymphoma cells
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are only a very small proportion of the tumor cells with the rest of the tumor being
inflammatory and stromal cells [18]. It is also well known that inflammatory states can lead
to false positive PET results when evaluating for cancer [19] [20]. These observations
indicate that although PET scanning is effective in cancer staging, the basis for its diagnostic
effectiveness may be related to the tumor stroma in some cancers.

In summary, although the traditional view of cancer metabolism is that cells are undergoing
aerobic glycolysis, it has been shown that cancer cells have a broad spectrum of bioenergetic
states ranging from predominance of aerobic glycolysis to predominance of oxidative
phosphorylation. Since studies had not been carried out to our knowledge analyzing the
bioenergetic state of the tumor microenvironment and differences between the
microenvironment and the cancer epithelial cells we set out to further characterize this.

3. Mechanistic Studies on Cancer Metabolism and Autophagy in the Tumor
Stroma

In order to begin to understand why a loss of stromal Cav-1 is a strong indicator of a lethal
tumor microenvironment, we performed unbiased proteomic analysis on mesenchymal stem
cells derived from WT and Cav-1 (−/−) deficient mice. As a result of this analysis, we
showed that a loss of stromal Cav-1 expression upregulates the protein expression of i) 8
myofibroblast markers (such as vimentin, calponin, and collagen), ii) 8 glycolytic enzymes
(LDHA and PKM2, as well as PGK1 and TPI), and iii) 2 anti-oxidants which are markers of
oxidative stress (catalase and peroxiredoxin1) [21]. Thus, based on this and other unbiased
transcriptional profiling studies, we proposed that a loss of stromal Cav-1 in cancer
associated fibroblasts is associated with ROS (reactive oxygen species) production, and
oxidative stress. This, in turn, is sufficient to activate certain key transcription factors, such
as HIF1-alpha and NFkB, leading to the induction of aerobic glycolysis in cancer associated
fibroblasts, under normoxic conditions (Figure 1). We then proceeded to validate this
hypothesis, using a co-culture system employing MCF7 breast cancer cells and fibroblasts
which harbor either NFkB-luc or HIF1a-luc transcriptional reporters [22].

Thus, based on the above studies, we proposed a new mechanism for understanding tumor
metabolism with metabolic coupling between cancer cells and the cancer stroma. We
proposed that in tumors with stromal Cav-1 downregulation, cancer cells induce oxidative
stress in adjacent cancer associated fibroblasts leading to the onset of aerobic glycolysis in
fibroblasts, which then drives the production of excess lactate and/or pyruvate. These high-
energy metabolites could then be transferred to adjacent cancer cells where they enter the
TCA cycle, resulting in increased oxidative phosphorylation and efficient ATP production.
This effectively results in a new parasitic form of stromal-epithelial metabolic coupling,
where fibroblasts directly feed cancer cells via the production of glycolytic intermediates.
Secretion and re-uptake of lactate or pyruvate would be mediated by the monocarboxylate
family of transporters, such as MCT1/4. We have previously termed this new paradigm “The
Reverse Warburg Effect”, which is just the opposite of the conventional Warburg effect, in
which cancer cells are thought to undergo aerobic glycolysis. Importantly, fibroblast
oxidative stress leads to increased DNA damage and random mutagenesis in cancer cells
[22,23]. Interestingly, ROS makes cancer cells more aggressive with apoptosis resistance.
We have shown that fibroblasts and high ROS lead to upregulation of the antiapoptotic
protein TIGAR (TP53-induced glycolysis and apoptosis regulator) [22] (Figure 2). TIGAR
is a known inhibitor of both autophagy and apoptosis, and functionally shifts cells away
from aerobic glycolysis, towards oxidative mitochondrial metabolism. [24–27]. Other
complementary studies have also shown that hypoxic and normoxic cancer cells develop a
symbiotic relationship with transfer of lactate to normoxic cancer cells, thereby increasing
oxidative phosphorylation in normoxic cancer cells [28].
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In further support of this hypothesis, co-culture of cancer cells with fibroblasts induces
dramatic changes in mitochondrial mass. Importantly, when cultured under homotypic
conditions, cancer cells show very low mitochondrial mass (the conventional Warburg
Effect) (Figure 3). However, co-culture with fibroblasts, which more closely mirrors the
microenvironment of a naturally occurring tumor, promotes a very significant increase in
mitochondrial mass in cancer cells, suggesting that the Warburg effect might be an in vitro
artifact [23]. Importantly, lactate administration to homotypic cancer cell cultures similarly
induces a significant increase in mitochondrial mass, suggesting that lactate administration
(Figure 3) phenocopies the presence of reactive fibroblasts [23]. Our new data indicate that
cancer cells and CAFs develop a parasitic relationship, with the unilateral energy transfer
from glycolytic stromal cells to oxidative cancer cells

To better understand how a loss of Cav-1 occurs in cancer associated fibroblasts, we
performed a series of inhibitor studies, which indicated that under conditions of oxidative
stress, Cav-1 is targeted for autophagic/lysosomal degradation. More specifically, the
degradation of Cav-1 was efficiently blocked using either, anti-oxidants (N-acetyl cysteine,
metformin, or quercetin) or lysosomal inhibitors (chloroquine), directly implicating
autophagy in this process. We also showed that Cav-1 downregulation in normal fibroblasts
by RNA interference was sufficient to induce autophagy and mitophagy as seen by
upregulation of the autophagy and mitophagy markers LC3A/B, ATG16L, BNIP3 and
BNIP3L. Virtually identical results were also obtained simply by culturing fibroblasts under
hypoxic conditions (see Figure 4). These results indicate that a loss of Cav-1 and/or hypoxia
are indeed sufficient to confer the cancer-associated fibroblast phenotype.

So, we believe that cancer cells induce oxidative stress in adjacent fibroblasts, which in turn
leads to the induction of the autophagic program, via activation of HIF1a and NFkB. During
autophagy, both caveolae (marked by Cav-1) and mitochodria are destroyed by lysosomal
degradation, leading to the production of recycled nutrients to feed cancer cells. This also
promotes the onset of aerobic glycolysis in cancer associated fibroblasts, via mitochondrial
dysfunction. We have termed this new idea “The Autophagic Tumor Stroma Model of
Cancer Metabolism”.

4. Autophagic Fibroblasts Promote Tumor Growth In Vivo, Independently of
Angiogenesis

To further genetically validate this new hypothesis, we created constitutively autophagic
fibroblasts, by recombinantly over-expressing a mutationally activated form of HIF1-alpha.
As predicted, fibroblasts expressing activated HIF1a showed i) a loss of Cav-1, and ii) and a
shift towards aerobic glycolysis, as evidenced by a loss of mitochondrial activity and
increased lactate production. In this context, activated HIF1a also induced BNIP3 and
BNIP3L, both well-known markers of mitophagy (the autophagic destruction of
mitochondria). Interestingly, fibroblasts harboring activated HIF1a increased tumor growth
by ~3-fold, without any increase in tumor vascularization. In this xenograft system, HIF1a-
fibroblasts were co-injected with MDA-MB-231 cells, a human triple negative breast cancer
cell line. Conversely, expression of activated HIF1a in MDA-MB-231 cells had just the
opposite effect, resulting in a 3-fold reduction in tumor growth [29]. This may be due to the
induction of apoptosis in epithelial cancer cells that harbor activated HIF1a.

In summary, we believe that autophagy in cancer associated fibroblasts fuels tumor growth,
via the production of recycled nutrients, while autophagy directly within tumor cells retards
tumor growth (likely via epithelial cell apoptosis).
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Importantly, these studies are also directly supported by in vivo data obtained by the
transcriptional profiling of human breast cancer tumor stroma. These results show that “The
Reverse Warburg Effect” strictly correlates with tumor recurrence and metastasis, and is
related to oxidative stress, DNA damage, and hypoxia in the tumor stroma of breast cancer
patients [30–32].

Clinically, both autophagy inducers and autophagy inhibitors are effective anti-cancer
therapies, and this has been referred to as the autophagy paradox. The inducers of
autophagy, temsirolimus and everolimus are effective therapies for renal cell carcinoma
[33,34] and gliomas [35] used in clinical practice. Chloroquine which inhibits autophagy has
shown prolongation in survival in patients with glioblastoma multiforme [36] and is being
currently studied in clinical trials in many other malignancies. How can we explain this
paradox. Using our new model, the systemic induction of autophagy will prevent epithelial
cancer cells from using recycled nutrients, while the systemic inhibiton of autophagy will
prevent stromal cells from producing recycled nutrients---both effectively “starving” cancer
cells. Thus, energy transfer from the tumor stroma to cancer cells can be used to explain the
“Autophagy Paradox”.

5. Glutamine Addiction, Ammonia Production, and Autophagy
In further support of our assertions that cancer cells use oxidative mitochondrial metabolism,
many independent sources have reported that cancer cells are addicted to glutamine. In this
regard, glutamine is then converted to glutamate, which then enters the TCA cycle as alpha-
ketoglutarate, resulting in the high efficiency production of ATP via oxidative
phosphorylation [9].

Interestingly, a by-product of glutaminolysis is ammonia. Recent studies have shown that
this diffusible by-product can act as a potent inducer of autophagy [37–39]. Thus, the
possible implications of these findings are that the glutamine addiction in cancer cells
provides another related means for maintaining autophagy in the tumor microenvironment.
Here, we speculate that glutamine is normally a product of autophagy occurring in cancer
associated fibroblasts (Figure 5). In accordance with this hypothesis, we have previously
shown that a loss of Cav-1 in the tumor microenvironment is indeed sufficient to induce
autophagy, resulting in increased levels of glutamine in the stromal microenvironment [32].

This idea then provides the “kindling” for a new vicious cycle whereby autophagy in the
tumor microenvironment provides glutamine to cancer cells, and the by-product of this de-
amination reaction, ammonia, helps to maintain the autophagic production of glutamine.
This model is consistent with our current findings and would also fit well with “The
Autophagic Tumor Stroma Model of Cancer Metabolism”, that we have proposed [32] in
which energy-rich recycled nutrients (lactate, ketones, and glutamine) fuel oxidative
mitochondrial metabolism in cancer cells.

6. Cancer Cells are “Extracellular” Parasites: Parallels with Intracellular
Parasites

Independent studies with infectious “intracellular” parasites (Plasmodium, Toxoplasma
gondii, Trypanosoma cruzi) indicates that these parasites survive by inducing oxidative
stress in infected host cells, resulting in the onset of an autophagic phenotype [40–47]. This
then provides host-derived recycled nutrients to feed these intracellular parasites. Similarly,
we have shown that cancer cells use essentially the same mechanism (oxidative stress and
autophagy), to generate host-derived recycled nutrients, behaving as “extracellular”
parasites.
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Thus, it is perhaps not surprising that chloroquine, which is a well-known anti-malarial drug
and an autophagy inhibitor, is also a very potent anti-tumor agent. As such, both anti-
oxidants and autophagy inhibitors could be systematically developed as anti-cancer agents to
directly uncouple the parasitic metabolic relationship between cancer cells and the tumor
stromal microenvironment. This would provide promising new strategies for novel cancer
chemotherapies.
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Figure 1. The Autophagic Tumor Stroma Model of Cancer
In this model, cancer cells use oxidative stress as a “weapon” to extract recycled nutrients
from cancer associated fibroblasts, via the induction of autophagy. Stromal autophagy, in
turn, provides energy-rich recycled nutrients (such as lacatate, ketones, and glutamine) to
fuel oxidative mitochondrial metabolism in cancer cells. Hypoxia, HIF1, and NFkB
activation help drive autophagy in the tumor micronenvironment, while the upregulation of
TIGAR (TP53-induced glycolysis and apoptosis regulator) in cancer cells protects them
against apoptosis and confers autophagy resistance. TIGAR is a known inhibitor of both
autophagy and apoptosis, and functionally shifts cells away from aerobic glycolysis, towards
oxidative mitochondrial metabolism. [24–27]. This scenario allows for the vectorial and
unilateral transfer of energy from the tumor stroma (catabolism) to cancer cells, thereby
fueling anabolic tumor growth via oxidative mitochondrial metabolism in cancer cells.
Modified with permission from [22,23]. CAFs, cancer associated fibroblasts; ROS, reactive
oxygen species.
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Figure 2. Fibroblasts Induce the Upregulation of TIGAR in Cancer Cells, Thereby Protecting
Cancer Cells Against Apoptosis and Autophagy
Fibroblasts or breast cancer cells (MCF7), were cultured separately or co-cultured. Note the
fibroblast-induced upregulation of TIGAR selectively in the cancer cells, protects cancer
cells against apoptosis and autophagy (shown in red). Cancer cells are labeled with anti-
keratin antibodies (shown in green). All cell nuclei are also labeled (shown in blue), to allow
visualization of the keratin-negative fibroblasts. Modified with permission from [22,23].
TIGAR is a known inhibitor of both autophagy and apoptosis, and functionally shifts cells
away from aerobic glycolysis, towards oxidative mitochondrial metabolism. [24–27].
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Figure 3. Visualizing the “Reverse Warburg Effect”
Autophagy/mitophagy in fibroblasts promotes mitochondrial biogenesis in adjacent cancer
cells.
(Upper) Homotypic cultures of MCF7 cells and hTERT-fibroblasts were immunostained
with a mitochondrial membrane antibody (Red). Mitochondrial mass is lower in
monocultures of MCF7 cells, as compared to fibroblasts.
(Middle) Co-culture with fibroblasts induces a significant increase in mitochondrial mass in
the “central MCF7 cell colony”, encircled by a white oval. Conversely, mitochondrial mass
decreases in co-cultured fibroblasts.
(Lower) Lactate treatment increases mitochondria mass in MCF7 cells, thus simulating the
co-culture with fibroblasts. Reproduced with permission from Figures 9 and 12, in the
following reference [23].
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Figure 4. Hypoxia Induces a Loss of Stromal Caveolin-1 via Autophagy
Fibroblasts were cultured under conditions of normoxia (upper panels) or hypoxia (lower
panels). Note that hypoxia (lower panels) induces a loss of Cav-1 (shown in green), and the
upregulation of autophagy markers (LC3, ATG16L, BNIP3, and BNIP3L; shown in red).
Thus, hypoxia is sufficient to confer the cancer associated fibroblast phenotype. Modified
with permission from [22,23].
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Figure 5. Mitochondrial Glutamine Metabolism in Cancer Cells Provides Another Related
Mechanism for Maintaining Autophagy in the Tumor Stroma
Recent studies have shown that oxidative mitochondrial metabolism of glutamine in cancer
cells produces ammonia. Ammonia is known to be sufficient to induce autophagy. Here, we
propose that autophagy in cancer associated fibroblasts would provide cancer cells with an
abundant source of glutamine. The ammonia produced would, in turn, help to maintain the
autophagic phenotype of the cancer associated fibroblasts. CAFs, cancer associated
fibroblasts.
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