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 review REVIEW

The role of autophagy in tumorigenesis is controversial. Both autophagy inhibitors (chloroquine) and autophagy 
promoters (rapamycin) block tumorigenesis by unknown mechanism(s). This is called the “Autophagy Paradox.” We have 
recently reported a simple solution to this paradox. We demonstrated that epithelial cancer cells use oxidative stress to 
induce autophagy in the tumor microenvironment. As a consequence, the autophagic tumor stroma generates recycled 
nutrients that can then be used as chemical building blocks by anabolic epithelial cancer cells. This model results in a net 
energy transfer from the tumor stroma to epithelial cancer cells (an energy imbalance), thereby promoting tumor growth. 
This net energy transfer is both unilateral and vectorial, from the tumor stroma to the epithelial cancer cells, representing 
a true host-parasite relationship. We have termed this new paradigm “The Autophagic Tumor Stroma Model of Cancer 
Cell Metabolism” or “Battery-Operated Tumor Growth.” In this sense, autophagy in the tumor stroma serves as a “battery” 
to fuel tumor growth, progression and metastasis, independently of angiogenesis. Using this 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. We 
discuss the idea that tumor cells could become resistant to the systemic induction of autophagy by the upregulation 
of natural, endogenous autophagy inhibitors in cancer cells. Alternatively, tumor cells could also become resistant to 
the systemic induction of autophagy by the genetic silencing/deletion of pro-autophagic molecules, such as Beclin1. If 
autophagy resistance develops in cancer cells, then the systemic inhibition of autophagy would provide a therapeutic 
solution to this type of drug resistance, as it would still target autophagy in the tumor stroma. As such, an anti-cancer 
therapy that combines the alternating use of both autophagy promoters and autophagy inhibitors would be expected 
to prevent the onset of drug resistance. We also discuss why anti-angiogenic therapy has been found to promote tumor 
recurrence, progression and metastasis. More specifically, anti-angiogenic therapy would induce autophagy in the tumor 
stroma via the induction of stromal hypoxia, thereby converting a non-aggressive tumor type to a “lethal” aggressive 
tumor phenotype. Thus, uncoupling the metabolic parasitic relationship between cancer cells and an autophagic tumor 
stroma may hold great promise for anti-cancer therapy. Finally, we believe that autophagy in the tumor stroma is the 
local microscopic counterpart of systemic wasting (cancer-associated cachexia), which is associated with advanced and 
metastatic cancers. Cachexia in cancer patients is not due to decreased energy intake, but instead involves an increased 
basal metabolic rate and increased energy expenditures, resulting in a negative energy balance. Importantly, when 
tumors were surgically excised, this increased metabolic rate returned to normal levels. This view of cachexia, resulting 
in energy transfer to the tumor, is consistent with our hypothesis. So, cancer-associated cachexia may start locally as 
stromal autophagy and then spread systemically. As such, stromal autophagy may be the requisite precursor of systemic 
cancer-associated cachexia.
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stress in the tumor micro-environment activates an autophagic 
program, leading to the production of recycled nutrients that 
can then be used as “fuel” to promote the anabolic growth and 
aggressive progression of tumor epithelial cells.2 Another way to 
think about this process is to envision the autophagic stroma as 
a “battery” that provides the necessary energy source for tumor 
growth.

Figure 1. Prognostic value of caveolin-1 (Cav-1) as a stromal biomarker for DCIS, breast cancer and prostate cancer. (A) Schematic diagram summarizing 
that a loss of stromal Cav-1 is a new biomarker for hypoxia, oxidative stress, autophagy and the “Reverse Warburg Effect.” Importantly, a loss of stromal 
Cav-1 effectively predicts poor clinical outcome in DCIS (ductal carcinoma in situ), breast cancer and prostate cancer patients. Given that most human 
tumors have a stromal component, a loss of stromal Cav-1 may have prognostic value in a wide variety of  different types of human cancers. Thus, a 
loss of stromal Cav-1 could be used to identify high-risk cancer patients at diagnosis, facilitating treatment stratification and clinical management. LVI, 
lympho-vascular invasion. (B) Kaplan-Meier analysis of stromal Cav-1 predicts overall survival in triple negative (TN) breast cancer patients. Patients 
with high levels of stromal Cav-1 (score = 2) had a good clinical outcome, with 75.5% of the patients remaining alive during the follow-up period  
(nearly 12 years). In contrast, the median survival for patients with absent stromal Cav-1 staining (score = 0) was 25.7 months. The results of this analysis 
were highly statistically significant (p = 2.8 x 10-6). (B) was reproduced from reference 8, with permission from the publisher (Landes Bioscience).

Introduction

We have recently proposed a new paradigm for understanding 
tumor progression. We have termed this new paradigm “The 
Autophagic Tumor Stroma Model of Cancer.”1-5 In this model, 
cancer cells induce oxidative stress in adjacent cancer-associated 
fibroblasts (and possibly other stromal cell types).2 Oxidative 
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stratification of breast cancer patients. The prognostic value of a 
loss of stromal Cav-1 in human breast cancers has now been vali-
dated in three independent patient cohorts, using three different 
anti-caveolin-1 antibodies.6,8,9,24

Stromal Cav-1 levels also have prognostic value in DCIS 
patients (Fig. 1).7 For example, a loss of Cav-1 in DCIS patients 
was associated with a 100% recurrence rate and 80% of these 
patients progressed to invasive breast cancer.7 Thus, a loss of stro-
mal Cav-1 is a marker of DCIS recurrence and progression to a 
more invasive phenotype.

Finally, given that most tumors have a stromal component, 
we also assessed the behavior of stromal Cav-1 in prostate cancer 
patients (Fig. 1). Interestingly, our results showed that a loss of 
stromal Cav-1 was specifically associated with advanced prostate 
cancer and progression to metastatic disease and a high Gleason 
score, indicative of a poor prognosis.10 Thus, stromal Cav-1 may 
be a useful biomarker for predicting clinical outcome in many 
different types of epithelial cancer, possibly independently of the 
organ site.

To begin to understand the prognostic value of stromal Cav-1 
as a novel biomarker, we turned to Cav-1 (-/-) null mice.25 As 
CAFs are thought to originate from the bone marrow (mesen-
chymal stem cells), we prepared bone marrow-derived stromal 
cells from WT and Cav-1 (-/-) mice and subjected them to an 
unbiased proteomics analysis, as well as genome-wide transcrip-
tional profiling.26 Proteomics analysis revealed the upregulation of 
(1) eight myofibroblasts markers (such as vimentin, calponin and 
tropomyosin); (2) eight glycolytic enzymes (including PKM2 and 
LDHA, among others); and (3) two markers of oxidative stress 
(catalase and peroxiredoxin1).26 Interestingly, these proteomics 
findings were directly supported by transcriptional profiling data, 
indicating that a loss of stromal Cav-1 has a strong effect on tran-
scriptional control. Many of the markers that we identified by pro-
teomics were also upregulated in the tumor stromal compartment 
of human breast cancers lacking stromal Cav-1, providing an 
indication that our findings may have direct clinical relevance.26 
Based on these findings, we proposed that a loss of Cav-1 is suffi-
cient to induce both a myofibroblastic phenotype and a glycolytic 
phenotype in stromal fibroblasts.26 This provides an indication 
that a loss of stromal Cav-1 induces aerobic glycolysis (a.k.a, the 
Warburg Effect) in CAFs.26 Interestingly, aerobic glycolysis is 
induced under normoxia via the stabilization of HIF1a via oxida-
tive stress. Consistent with this idea, we observed that two mark-
ers of oxidative stress were increased in Cav-1 (-/-) stromal cells.26

As a consequence of these findings, we proposed a new model 
termed the “Reverse Warburg Effect,” where aerobic glycolysis 
in CAFs generates energy-rich metabolites (such as lactate and 
pyruvate) that are transferred to adjacent cancer cells, where they 
then enter the TCA cycle, promote oxidative phosphorylation 
and result in increased ATP production.11,12,26-28

The Autophagic Tumor Stroma Model of Cancer 
Metabolism: “Battery-Operated Tumor Growth”

To begin to understand the cellular processes that control the 
induction of aerobic glycolysis in fibroblasts, we performed an 

Oxidative stress in the tumor microenvironment also has 
mutagenic consequences.2 We have shown that ROS production 
in cancer-associated fibroblasts, via a bystander effect, induces 
DNA damage and aneuploidy in adjacent epithelial cancer cells, 
indicative of the onset of genomic instability. So, oxidative stress 
in the tumor microenvironment serves as a catalyst for the random 
mutagenesis of tumor cells and for tumor-stroma co-evolution.2

Finally, we also see that autophagy in cancer-associated fibro-
blasts dramatically protects tumor cells against apoptotic cell 
death,2,4 probably because it provides cancer cells with a steady 
stream of recycled nutrients (chemical building blocks) to feed 
their large anabolic appetite. As such, uncoupling the metabolic 
parasitic relationship between cancer cells and an autophagic 
tumor stroma may hold great promise for anti-cancer therapy.

The discovery of the “Autophagic Tumor Stroma Model of 
Cancer” was largely based on the identification of a stromal bio-
marker known as caveolin-1 (Cav-1). Thus, we also discuss the 
powerful prognostic value of a loss of stromal Cav-1 in breast and 
prostate cancers (Fig. 1).6-10 We now know that a loss of stromal 
Cav-1 is a biomarker for chronic hypoxia, oxidative stress and 
autophagy in the tumor micro-environment and is predictive of 
early tumor recurrence, lymph node metastasis and poor clinical 
outcome.1,2,4,11,12 For recent reviews on autophagy, please see the 
following references 13–16.

Caveolin-1 (Cav-1) as a Biomarker for Cancer 
Prognosis and Treatment Stratification

Several recent lines of experimental and clinical evidence support 
the idea that the tumor stroma plays a direct and critical role in 
determining patient outcome.17-20 Although the tumor stroma is 
complex and is composed of a plethora of cell types, it appears 
that stromal fibroblasts play a dominant role. For example, tumor 
stromal fibroblasts [a.k.a, cancer-associated fibroblasts (CAFs)]
promote an EMT in adjacent cancer cells and can also enhance 
the metastatic dissemination of cancer cells to distant organ 
sites.21,22 Thus, it is of critical importance to understand exactly 
how CAFs promote tumor progression and metastasis.

Recently, we identified that a loss of stromal Cav-1 in the 
tumor fibroblast compartment23 is a powerful single independent 
predictor of clinical outcome in human breast cancer patients 
(Fig. 1).9 More specifically, a loss of stromal Cav-1 protein 
expression was specifically associated with early tumor recur-
rence, lymph-node metastasis and tamoxifen-resistance, result-
ing in poor clinical outcome.8,9 Interestingly, these results were 
independent of epithelial markers status (ER, PR and HER), 
directly demonstrating that a loss of Cav-1 has prognostic value 
in all of the most common sub-types of human breast cancer 
[invasive ductal carcinoma (IDC)].9 A loss of stromal Cav-1 was 
particularly valuable in triple-negative (TN) and basal-like breast 
cancer patients.8 In TN patients, high stromal Cav-1 levels pre-
dict a >75% overall survival rate at 12 years post-diagnosis.8 In 
striking contrast, an absence of stromal Cav-1 reduces overall 
survival to <10% at 5 years post-diagnosis.8 Thus, it is imperative 
to mechanistically understand the prognostic value of stromal 
Cav-1, as it could have important implications for the therapeutic 
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extensive informatics analysis on the transcriptional profiling 
data generated from WT and Cav-1 (-/-) null stromal cells.11 Via 
this analysis, we determined that a loss of stromal Cav-1 induces 
target genes associated with oxidative stress, HIF1-alpha and 
NFκB transcriptional activation.11

To validate these findings, we next created a co-culture system 
to study how breast cancer cells (MCF7) induce a loss of stromal 
Cav-1 in adjacent fibroblasts.29 Importantly, co-culture of MCF7 
cells with human fibroblasts is sufficient to promote the onset of a 
CAF-like phenotype, with the induction of myo-fibroblast mark-
ers, the over-production of extracellular matrix proteins and acti-
vated TGFb signaling.29 Under these conditions, we also observed 
that Cav-1 protein expression was significantly downregulated, 
and fibroblasts lost their mitochondria, while adjacent cancer 
cells showed a corresponding increase in mitochondrial mass/
biogenesis.2,4,29 Mechanistically, a loss of Cav-1 was prevented by 
the administration of anti-oxidants (such as N-acetyl-cysteine 
(NAC), metformin and quercetin) or lysosomal inhibitors.2,4,29 
This is consistent with the idea that, under these co-culture condi-
tions, certain cell organelles (such as caveolae and mitochondria) 
in fibroblasts are targeted for “self-digestion” via autophagy. The 
effects of cancer cells on fibroblasts could be mimicked simply 
by subjecting fibroblasts to hypoxia or oxidative stress (via deple-
tion  of reduced glutathione), resulting in a loss of Cav-1 expres-
sion and the induction of autophagy.2,4,29 Conversely, the effects 
of fibroblasts on cancer cells could be mimicked by the addition 
of L-lactate to the culture media, resulting in increased mito-
chondrial mass/biogenesis in cancer cells.2,4,29 As such, we believe 
that cancer cells induce oxidative stress in adjacent fibroblasts, 
resulting in the onset of a myofibroblastic pro-autophagic phe-
notype.2,4,29 This pro-autophagic phenotype in fibroblasts then 
leads to a loss of mitochondria via autophagy (a.k.a, mitophagy), 
forcing tumor associated fibroblasts to undergo aerobic glycolysis 
(the “Reverse Warburg Effect”) (Fig. 2). The products of aero-
bic glycolysis (such as L-lactate) are then used by cancer cells 
for oxidative mitochondrial metabolism, resulting in increased 
mitochondrial mass in cancer cells.2,4,29 Thus, a loss of stromal 
Cav-1 is a biomarker for oxidative stress, hypoxia and autophagy 
in the tumor stromal micro-environment.2,4,29 We have termed 
this new idea “The Autophagic Tumor Stroma Model of Cancer 
Metabolism” (Fig. 2). In this sense, the “Reverse Warburg Effect” 
is a direct consequence of oxidative stress in fibroblasts driving 
the autophagic destruction of mitochondria, thereby committing 
these cells to aerobic glycolysis under conditions of normoxia.2,4,29

In these experiments, we also showed that oxidative stress in 
fibroblasts affects the apoptotic and genomic status of adjacent 
cancer cells (Fig. 2). For example, oxidative stress in fibroblasts 
specifically protected adjacent cancer cells against apoptosis via 
the induction of an antioxidant defense and the upregulation 
of antioxidant molecules, such as peroxiredoxin 1.2,4 Protection 
against apoptosis was probably also due to the recycled nutri-
ents (amino acids, nucleotides and lactate/pyruvate) produced 
via stromal autophagy, leading to better overall mitochondrial 
“health” in cancer cells.2,4 This protection against apoptosis was 
even further increased by co-culturing cancer cells with Cav-1-
deficient fibroblasts.2,4

Figure 2. The autophagic tumor stroma model of cancer metabolism: 
Role of oxidative stress, recycled nutrients and random mutagenesis. 
(A) Oxidative Stress, Recycled Nutrients and Resistance to Apoptosis. 
We have shown that human breast cancer cells induce ROS (reactive 
oxygen species) production in adjacent cancer-associated fibroblasts 
(CAFs), leading to the onset of stromal oxidative stress. Oxidative stress 
in CAFs, in turn, drives autophagy via HIF1 induction and NFkB activa-
tion, resulting in the autophagic destruction of mitochondria  
(mitophagy) and caveolin-1 (Cav-1). Stromal autophagy and mitophagy 
provides recycled nutrients via catabolism and aerobic glycolsysis 
to feed the appetite of adjacent cancer cells. These recycled chemi-
cal building blocks (derived from autophagy and aerobic glycolysis) 
“fuel” oxidative mitochondrial metabolism in cancer cells and provide 
resistance against apoptosis. Mechanistically, fibroblasts induce the 
expression of TIGAR in adjacent cancer cells, which shuts down au-
tophagy and apoptosis in these cancer cells. (B) Random mutagenesis 
and tumor-stroma co-evolution. Oxidative stress in cancer-associated 
fibroblasts (CAFs) also produces a local DNA damage response, with 
increased ROS production. ROS amplification in the tumor stroma then 
leads to an antioxidant defense in adjacent cancer cells. In addition, 
stromal ROS production also leads to DNA damage in adjacent cancer 
cells via a “Bystander Effect”. As a consequence, stromal ROS promotes 
aneuploidy and genomic instability in cancer cells, driving tumor-
stroma co-evolution. CAFs, cancer-associated fibroblasts; ROS, reactive 
oxygen species.
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The idea that a loss of caveolin-1 (Cav-1) in adipocytes trig-
gers autophagy was also recently independently reported by 
Le Lay et al.30 More specifically, they showed that constitu-
tive autophagy in mature adipocytes derived from Cav-1 (-/-) 
null mice may underlie their lipoatrophic whole-body pheno-
type, with global alterations in protein turn-over, accelerated 
degradation of long-lived proteins and increased lipidation of 
the LC3 autophagy marker.30 However, they did not address  
the possible implications of their findings for the pathogenesis 
of cancer.

Identification of the signaling pathway(s) regulating stro-
mal autophagy: hypoxia, HIF1 induction and NFκB activation 
in the tumor microenvironment. The signaling mechanism(s) 
underlying “The Autophagic Tumor Stroma Model of Cancer” 
remained largely unknown. Interestingly, hypoxia is sufficient to 
induce the autophagic degradation of Cav-1 in fibroblasts.4 Based 
on a series of inhibitor-based studies, we observed that hypoxia 
and oxidative stress both mediate the induction of HIF1- and 
NFκB-activation in fibroblasts, driving the autophagic degra-
dation of Cav-1.4 In support of this hypothesis, MCF7 cancer 
cells activated HIF-1α- and NFκB-driven luciferase reporters in 
adjacent cancer-associated fibroblasts.4 In addition, acute knock-
down of Cav-1 in stromal fibroblasts, using an siRNA approach, 
was sufficient to induce autophagy, with the upregulation of both 
lysosomal and mitophagy markers.4 Moreover, a loss of Cav-1 in 
stromal fibroblasts protected adjacent cancer cells against apop-
totic cell death. Thus, autophagy in cancer-associated fibroblasts 
(1) provides recycled nutrients for cancer cell metabolism but (2) 
also prevents the death of adjacent epithelial cancer cells.4 For this 
purpose, cancer-associated fibroblasts upregulate the expression 
of TIGAR in adjacent epithelial cancer cells, conferring resistance 
to apoptosis and autophagy.4 These findings directly support the 
“Autophagic Tumor Stroma Model of Cancer Metabolism,” and 
explain the exceptional prognostic value of a loss of stromal Cav-1 
in cancer patients.1,2 As such, a loss of fibroblast Cav-1 is a bio-
marker for hypoxia, oxidative stress and autophagy in the tumor 
stroma.2 Cancer patients lacking stromal Cav-1 would likely ben-
efit from HIF-inhibitors, NFκB-inhibitors, antioxidant therapies 
as well as autophagy/lysosomal inhibitors.2

Autophagy in cancer associated fibroblasts fuels tumor 
growth, while autophagy in cancer cells retards tumor growth. 
We hypothesized that a loss of stromal caveolin-1 (Cav-1) expres-
sion and HIF1-a activation could drive the cancer-associated 
fibroblast phenotype, through the paracrine production of nutri-
ents via autophagy and aerobic glycolysis.2,11 To this end, we 
expressed activated HIF1α in fibroblasts and examined their 
ability to promote tumor growth using a xenograft model that 
employs human breast cancer cells (MDA-MB-231).5 Fibroblasts 
with activated HIF1α showed reductions in Cav-1 protein levels 
and a shift towards aerobic glycolysis with a loss of mitochon-
drial activity and increased lactate production.5 Consistent with 
these phenotypic changes, activated HIF1α induced BNIP3 
and BNIP3L, both markers for the autophagic destruction of 
mitochondria.5 Functionally, fibroblasts expressing activated 
HIF1α increased tumor mass by ~2-fold and tumor volume 
by ~3-fold, without an increase in angiogenesis.5 Similarly, 

Despite the fact that oxidative stress in fibroblast protects adja-
cent cancer cells from apoptosis, it also drives genomic instabil-
ity in cancer cells. Oxidatives stress in fibroblasts amplifies ROS 
production, which, via a bystander effect, then induces DNA 
damage and aneuploidy/tetraploidy in cancer cells.2,4 As such, 
oxidative stress in adjacent fibroblasts drives random mutagenesis 
in cancer cells, resulting in tumor-stroma co-evolution.2,4

In summary, we propose a new mechanism for understand-
ing the process of tumor-stroma co-evolution (Fig. 2). Cancer 
cells induce oxidative stress in adjacent fibroblasts, leading to 
the induction of stromal autophagy.2,4 This has at least three 
consequences: (1) induces genomic instability in cancer cells; 
(2) protects cancer cells against apoptosis; and (3) provides can-
cer cells with recycled nutrients, fueling the anabolic growth of 
the tumor.

Validating the Autophagic Tumor  
Stroma Model of Cancer

Metabolic, transcriptional and micro-RNA (miR) profiling 
of a “lethal” tumor microenvironment. We next used Cav-1 
(-/-) null mice as a pre-clinical model for a “lethal tumor micro-
environment.”1 Unbiased metabolic profiling of Cav-1 (-/-) 
mammary fat pads revealed the upregulation of nearly 100 
metabolites, indicative of a major catabolic phenotype. These 
findings were consistent with the induction of oxidative stress 
and autophagy/mitophagy.1 The two most prominent metabo-
lites were ADMA (asymmetric dimethyl arginine) and BHB 
(b-hydroxybutyrate), which are markers of oxidative stress and 
mitochondrial dysfunction.1 Transcriptional profiling of human 
tumor stroma from breast cancer patients directly supported 
an association with oxidative stress and autophagy/mitophagy, 
as well as ADMA and ketone production.1 MicroRNA profil-
ing of Cav-1 (-/-) stromal cells revealed the upregulation of two 
key miRs.1 Consistent with our model, these miRs are associ-
ated with oxidative stress (miR‑34c) or activation of the hypoxic 
response/HIF1α (miR‑31), which are both sufficient to drive 
authophagy/mitophagy. As such, these candidate biomarkers 
(ADMA, ketones and miR-31/34c) could be used to identify 
high-risk cancer patients at diagnosis.1 Autophagy/mitophagy in 
the tumor stromal compartment provides an effective means by 
which epithelial cancer cells can directly “feed off” of stromal-
derived recycled nutrients and energy-rich metabolites, driving 
tumor progression and metastasis.1 

To test this hypothesis, we evaluated whether the end prod-
ucts of aerobic glycolysis (3-hydroxy-butyrate and L-lactate) 
stimulated tumor growth and experimental metastasis using 
MDA-MB-231 breast cancer xenografts.3 Administration of 
3-hydroxy-butryate (a ketone body) increased tumor growth 
by ~2.5-fold, without any increase in tumor vascularization.3 
Both 3-hydroxy-butyrate and L-lactate functioned as chemo-
attractants, stimulating cancer cell migration.3 L-lactate did not 
increase primary tumor growth but stimulated lung metastasis 
by ~10-fold.3 Thus, ketones and lactate fuel tumor growth and 
metastasis, providing functional evidence to support the “Reverse 
Warburg Effect.”3,27
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energy-rich metabolites, which are then re-used by cancer cells 
to drive tumor growth and metastasis. Thus, stromal catabolism 
“fuels” anabolic tumor growth.1,2,4 Bone marrow-derived mesen-
chymal stem cells could be continually be recruited to the tumor 
and induced to undergo autophagy to satisfy the tumor’s appetite.

Extension of this idea from a local to a systemic phenome-
non may explain the onset of cancer-associated cachexia, which 
is associated with chronic malignancy (Fig. 3).31-35 Autophagy 
in the tumor stroma may be the local microscopic counterpart 
of systemic wasting (cancer-associated cachexia). Cachexia 
in cancer patients is not due to decreased energy intake, but 
instead involves an increased basal metabolic rate and increased 
energy expenditures, resulting in a negative energy balance.31-35 
Importantly, when tumors were surgically excised, this increased 
metabolic rate returned to normal levels. This view of cachexia, 
resulting in energy transfer to the tumor, is consistent with our 
hypothesis. So, cachexia may start locally, as stromal autophagy, 
and then spread systemically (local autophagy versus systemic 
autophagy) (Fig. 3).

In support of this model, epithelial tumor cells induce autoph-
agy in cancer-associated fibroblasts via oxidative stress, driving 

HIF1α-transfected fibroblasts increased the lymph node metas-
tasis of cancer cells. Driving NFkB activation in fibroblasts, 
another inducer of autophagy, yielded virtually identical results. 
As such, activated HIF1α functionally confers the cancer-associ-
ated fibroblast phenotype.5

HIF1α expression is also required for the induction of 
autophagy in cancer cells. Thus, we directly expressed activated 
HIF1α in MDA-MB-231 cells and assessed its effects on tumor 
growth. Surprisingly, activated HIF1α in cancer cells dramati-
cally suppressed tumor growth, resulting in a two-fold reduction 
in tumor mass and a three-fold reduction in tumor volume.5 As 
such, HIF1α activation in different cell types can either promote 
or repress tumorigenesis.5 Based on these studies, autophagy in 
cancer-associated fibroblasts promotes tumor growth via the 
paracrine production of recycled nutrients that can “feed” can-
cer cells. However, autophagy in cancer cells represses tumor 
growth via their “self-digestion.” These results provide direct  
experimental support for the “Autophagic Tumor Stroma Model 
of Cancer.”5

Implications of the “Autophagic Tumor Stroma 
Model” for Cancer-Associated Cachexia (Wasting) 

and Cancer Chemotherapy

Cancer cells activate autophagy in the tumor stromal compart-
ment via paracrine mechanisms (Fig. 3). Autophagy in the tumor 
stroma, especially in cancer-associated fibroblasts, then pro-
vides cancer cells with a steady stream of recycled nutrients and 

Figure 3. Understanding energy transfer in cancer metabolism: Stromal 
autophagy and cancer-associated cachexia. Diagram summarizing 
that autophagy in the tumor stroma is used by adjacent epithelial cells 
to fuel tumor growth via oxidative mitochondrial metabolism. This 
local phenomenon may spread systemically and explains the onset of 
cancer-associated cachexia, characterized by systemic wasting and a 
negative net energy balance. A+ signifies stromal autophagy, which re-
sults in fuel production. A- signifies an absence of autophagy in cancer 
cells. AR signifies genetic resitance to autophagy in cancer cells, e.g., 
when Beclin1 gene expression is silenced. Both A- and AR would be as-
sociated with fuel consumption by cancer cells. The direction of energy 
flow, from the autophagic tumor stroma to the anabolic cancer cells, is 
indicated by the direction of a blue arrow.

Figure 4. A simple solution to the autophagy paradox: “Battery Oper-
ated Tumor Growth”. The role of autophagy in tumorigenesis is contro-
versial. Both autophagy inhibitors and autophagy promoters block tu-
morigenesis. This is called the “Autophagy Paradox”. We have reported 
a simple solution to this paradox. Mechanistically, we have shown 
that autophagy/catabolism in the tumor stroma drives the anabolic 
growth of adjacent cancer cells and tumor progression. In this sense, 
autophagy in the tumor stroma serves a “battery” to fuel tumor growth, 
progression and metastasis, independently of angiogenesis. Using this 
model, systemic induction of autophagy (with rapamycin) will prevent 
epithelial cancer cells from using recycled nutrients, while the systemic 
inhibiton of autophagy (with chloroquine) will prevent stromal cells 
from producing recycled nutrients—both effectively “starving” cancer 
cells. Tumor cells could become resistant to the systemic induction 
of autophagy by the upregulation of natural endogenous autophagy 
inhibitors in cancer cells (such as TIGAR). Alternatively, tumor cells could 
also become resistant to the systemic induction of autophagy by the 
genetic silencing of pro-autophagic molecules, such as Beclin1. If this 
occurs, then the systemic inhibition of autophagy would provide a 
therapeutic solution to this new type of drug resistance. CAFs, cancer-
associated fibroblasts.
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Anti-Angiogenic Therapy Promotes Tumor 
Progression and Metastasis by Inducing  

Hypoxia and Autophagy in the Tumor  
Micro-Enviroment, Thereby Fueling  

Tumor-Stroma Co-evolution

Anti-angiogenic therapy54,55 has been found to promote tumor 
recurrence, progression and metastasis.56-65 A major contributing 
factor appears to be that anti-angiogenic therapy induces severe 
hypoxia54,55 in the tumor micro-environment.56-69

For example, phase III trials of antiangiogenic therapy with 
bevacizumab have shown mixed results.70,71 In fact, the Oncologic 
Drugs Advisory Committee (ODAC) of the FDA on July 20, 
2010 voted 12 to 1 against the use of bevacizumab in combina-
tion with chemotherapy for metastatic breast cancer, which had 
been granted accelerated approval in 2008 pending further stud-
ies (www.cancer.gov/ncicancerbulletin/072710/page2).

The “Autophagic Tumor Stroma Model of Cancer” now pro-
vides a rational explanation for understanding this phenomenon. 
More specifically, anti-angiogenic therapy would drive autoph-
agy in the tumor stroma via the induction of stromal hypoxia, 

the autophagic/lysosomal degradation of Cav-1.2,4,29 Under 
these conditions, Cav-1 degradation in cancer-associated 
fibroblasts was inhibited by antioxidants (such as N-acetyl-
cysteine) or autophagy/lysosomal inhibitors (such as chlo-
roquine).2,4,29 Similarly, acute knock-down of Cav-1 in 
fibroblasts using an siRNA approach was sufficient to 
induce ROS production, oxidative stress, mitochondrial 
dysfunction and autophagy/mitophagy.2,4,29 Thus, loss of 
stromal Cav-1 is both up-stream and down-stream of oxi-
dative stress and autophagy in cancer-associated fibroblasts.

Similarly, others have proposed that cancer-associated 
cachexia is due to systemic oxidative stress (reflected by 
decreased glutathione levels), which can be successfully 
treated with antioxidants, such as N-acetyl-cysteine.36-43 
Work with animal models also directly supports the idea 
that cancer-associated cachexia is driven by oxidative stress 
(ROS) and nitrosative stress (RNS) (a.k.a., a redox imbal-
ance).44-46 As such, stromal autophagy may be the requisite 
precursor of systemic cancer-associated cachexia.

This new model of “stromal autophagy” also provides a 
rational basis for designing new therapeutic intervention(s). 
Thus, inhibition of autophagy in the tumor stroma could halt 
or reverse tumor growth. This would explain the effectiveness 
of known autophagy inhibitors as anti-tumor agents, such as 
chloroquine and 3-methyladenine. Conversely, induction of 
autophagy in epithelial cancer cells would block or inhibit 
tumor growth. This idea would explain the anti-tumor activ-
ity of agents that activate autophagy, such as mTOR inhibi-
tors (like rapamycin). Rapamycin derivatives temsirolimus 
and everolimus are effective anti-cancer therapies and have 
now been approved for the treatment of renal cell carcinoma 
in the US.47,48 Thus, using this model, compounds that 
either systemically block or systemically activate autophagy 
would have the same net effect: disrupting the metabolic 
coupling between the epithelial cancer cells and the tumor stro-
mal fibroblasts (Fig. 4). As such, this model directly resolves the 
long-lived “Autophagy Paradox,” that both systemic inhibition of 
autophagy and systemic stimulation of autophagy have the same 
net effect, which is to inhibit tumor growth. This new model 
requires further experimental validation; however, it does provide 
a new paradigm and rationale for drug development, driving new  
metabolic therapeutic interventions.

This new model may also have implications for understand-
ing the development of drug resistance (Fig. 4). For example, 
tumor cells could become resistant to the systemic induction of 
autophagy by the upregulation of natural endogenous autophagy 
inhibitors in cancer cells, such as TIGAR.2 Conversely, tumor 
cells could also become resistant to the systemic induction of 
autophagy by the genetic silencing/deletion of pro-autophagic 
molecules, such as Beclin1.49-53 If this occurs, then the systemic 
inhibition of autophagy would provide a therapeutic solution to 
this new type of drug resistance. As such, an anti-cancer therapy 
that combines the alternating use of both autophagy promoters 
and autophagy inhibitors would be expected to prevent the onset 
of drug resistance.

Figure 5. Understanding how anti-angiogenic therapy increases tumor pro-
gression, recurrence and metastasis via hypoxia in the tumor stroma. (A) Flow 
diagram summarizing how anti-angiogenic therapy drives a hypoxic/autoph-
agic response in the tumor stromal micro-environment, which experimen-
tally leads to tumor progression, recurrence and metastasis. This view is also 
supported by the lack of efficacy of anti-angiogenesis inhibitors in a variety 
of clinical trials in humans. (B) Converting a non-aggressive tumor to a “lethal” 
tumor via anti-angiogenic therapy. We have shown that autophagy in the tu-
mor stroma fuels the anabolic growth of cancer cells and tumor progression. 
Thus, a non-aggressive tumor would lack stromal autophagy. This premise 
is supported by the use of stromal Cav-1 as a biomarker of autophagy. High 
stromal Cav-1 would be predictive of an absence of stromal autophagy and 
good clinical outcome. Conversely, low or absent stromal Cav-1 would be 
predictive of a high rate of stromal autophagy and poor clinical outcome. 
This is what we observed experimentally in our pre-clinical models and in our 
translational biomarker studies. Based on our model of “Battery-Operated Tu-
mor Growth,” anti-angiogenic therapy would induce hypoxia and autophagy 
in the tumor stromal micro-enviroment, promoting net energy transfer and 
tumor progression and leading to a “lethal” tumor phenotype.
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Thus, the stromal expression of (1) markers of aerobic glycoly-
sis (such as PKM2 and LDH-B) and (2) markers of autophagy/
mitophagy (such BNIP3L) may be effective new biomarkers to 
identifying high-risk cancer patients.4,26,27 In accordance with this 
hypothesis, PKM2, LDH-B and BNIP3L are highly expressed in 
the tumor stromal compartment of human breast cancer patients 
that lack the stromal expression of Cav-1 (Fig. 6). This pro-
vides further translational evidence to support “The Autophagic 
Tumor Stroma Model of Cancer Metabolism.”

Conclusions

In summary, we believe that cancer is like a “Trojan horse” or 
“surprise attack.” Tumor cells send out a “cry for help,” a warn-
ing signal associated with cell injury. This represents oxidative 
stress. Then, cancer cells mount an antioxidant defense to pro-
tect themselves from autophagy and apoptosis (cell death). In the 
meantime, mesenchymal stem cells and fibroblasts are recruited 
to the false site of injury to feed the cancer. Once in the proxim-
ity of cancer cells, these stromal cancer-associated fibroblasts are 
hypnotized by oxidative stress and are forced to eat themselves 
(stromal autophagy) to feed the cancer cells. We believe that this 
can then extend from a local phenomenon to a systemic whole-
body process, which is known as cancer-associated cachexia or 
wasting. In this regard, cancer-associated cachexia may represent 
a form of whole-body or total body autophagy, with the exception 
of the tumor. The “infectious” spread of autophagy from a local 
area to the rest of the body may be achieved by local oxidative 
stress and the resulting systemic inflammatory response produced 
by the body’s innate immune reaction to this “surprise attack.”

Clinical Significance and Future Directions

In essence, we think that cancer starts as a seemingly innocuous 
point source of oxidative stress. This node or nodule of oxidative 
stress then uses stromal autophagy as a metabolic fuel source to 
transform itself into an highly aggressive tumor. Thus, effective 
cancer chemotherapy would involve cutting off this “fuel supply,” 
with powerful antioxidants (i.e., N-acetyl cysteine, quercetin or 
metformin) and systemic modulators of autophagy (i.e., chloro-
quine or rapamycin and its derivatives). The good news is that 
many of these compounds are already sitting on the shelf and 
are currently available as OTC (over-the-counter) dietary supple-
ments or existing FDA-approved drugs. Thus, new clinical trials 
may be warranted.
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