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Abstract
Autophagy is the mechanism by which cells consume parts of themselves to survive starvation and
stress. This self-cannibalization limits cell death and tissue inflammation, recycles energy and
biosynthetic substrates and removes damaged proteins and organelles, accumulation of which is
toxic. In normal tissues, autophagy-mediated damage mitigation may suppress tumorigenesis,
while in advanced tumors macromolecular recycling may support survival by buffering metabolic
demand under stress. As a result, autophagy-activation in normal cells may suppress
tumorigenesis, while autophagy inhibition may be beneficial for therapy of established tumors.
The mechanisms by which autophagy supports cancer cell metabolism are slowly emerging. As
cancer is being increasingly recognized as a metabolic disease, how autophagy-mediated
catabolism impacts cellular and mammalian metabolism and tumor growth is of great interest.
Most cancer therapeutics induce autophagy, either directly by modulating signaling pathways that
control autophagy in the case of many targeted therapies, or indirectly in the case of cytotoxic
therapy. However, the functional consequence of autophagy induction in the context of cancer
therapy is not yet clear. A better understanding of how autophagy modulates cell metabolism
under various cellular stresses and the consequences of this on tumorigenesis will help develop
better therapeutic strategies against cancer prevention and treatment.
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Introduction
Macroautophagy (autophagy hereafter) is a mechanism of cellular self-consumption for
recycling of intracellular “cargo” such as damaged proteins and organelles. Under normal
conditions, basal autophagy serves to maintain cellular homeostasis, and autophagy is
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induced in response to many different forms of stress including nutrient, oxygen and growth
factor deprivation and chemotherapeutics [1–3].

Upon autophagy induction, the potentially toxic cargo is encapsulated by pre-
autophagosomal-structures called “phagophores” that mature into double-membrane vesicles
called “autophagosomes” and fuse with lysosomes where the cargo is degraded [2,4]. While
short-lived proteins are degraded mainly via ubiquitin-proteasome system (UPS), autophagy
is the only mechanism for degrading large protein aggregates and damaged organelles.
Autophagy can non-selectively target cytoplasm for bulk degradation, or selectively target
cellular components such as proteins, lipid droplets, mitochondria, peroxisomes,
endoplasmic reticulum, ribosomes, and glycogen as well as invading microorganisms
[1,5,6]. The mechanisms governing cargo selectivity, however, are incompletely understood
at present. Given the major role of autophagy in the turnover of cellular proteins and
organelles, it is not surprising that autophagy deregulation has been implicated in many
disease conditions, including cancer.

Autophagy is regulated by nutrient and growth factor availability
Nutrient and growth factor deprivation are major activators of autophagy [6]. Mammalian
target of rapamycin (mTOR) is a protein kinase and master negative regulator of autophagy.
mTOR complex 1 (mTORC1) responds to nutrient and growth factor availability by
phosphorylating and inactivating two essential components of the Unc-51-like kinase
(ULK1) complex, ULK1 and Atg13 [7], thereby preventing the nucleation of the
phagophores (Figure 1) (reviewed in [8]). When nutrients are limiting, mTORC1 kinase
activity is inhibited, de-repressing autophagy. This provides the necessary integration of
growth control signals with nutrient availability and catabolism. Although starvation-
induced autophagy is mainly regulated by mTOR signaling, autophagy is also regulated
through mTOR-independent mechanisms (reviewed in [9–11]).

Functional autophagy involves the coordinate action of multiple autophagy-related (Atg)
gene products that regulate nucleation, elongation and maturation of the phagophore
membranes around the cargo (autophagosomes), and their fusion with lysosomes forming
autophagolysosomes (Figure 1) [12]. Cargo selection is achieved, in part, by ubiquitin
modifications of targets, which are recognized by ubiquitin-interacting domains (UBA) of
the autophagy cargo receptor proteins such as p62/SQSTM1 and neighbor of BRCA1 gene 1
(NBR1), and are targeted to autophagosomes via their LC3-interacting regions (LIR) [13].
Recent studies have identified a phosphatidylinositol 3-phosphate (PI3P) binding protein,
autophagy-linked FYVE protein (Alfy) that orchestrates assembly of autophagy machinery
around p62-captured cargo, aiding in their capture and sequestration in autophagosomes
[14]. p62 and NBR1 themselves are autophagy substrates and are degraded along with the
cargo in normal cells, and accumulate under autophagy-deficiency thus serving as potential
biomarkers for defective autophagy.

Autophagy promotes stress survival and maintains tissue homeostasis
Evidence from mouse models with deficiency in genes essential for autophagosome
formation (Figure 1) suggests that autophagy is involved in stress survival, early embryonic
development, and prevention of neurodegeneration, Crohn’s disease (CD) and tumorigenesis
[2,6]. While atg6/beclin1−/− mice die early during embryogenesis (E7.5-E8.5), beclin1+/−

mice with a partial autophagy defect are developmentally normal although tumor prone (see
below) [15,16]. Atg5 is required for pre-implantation development in mice although
dispensable for later embryonic development [17,18]. Newborn pups with maternally
inherited autophagy proteins but deficient for atg5, atg7 and atg3, fail to survive neonatal
starvation and display signs of bioenergetic impairment [19–21]. Atg4c knockout mice have
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increased propensity for carcinogen-induced tumorigenesis (see below) [22] while Atg4b
knockout mice show impaired inner ear development and balance functions [23]. Central
nervous system-targeted deficiency in atg5 or atg7 in mice causes the accumulation of toxic
protein and organelles and neuronal degeneration [24,25]. Liver-specific Atg7-deficiency
causes accumulation of p62-containing protein aggregates and p62-mediated liver damage
[26]. Deficiency in atg5 and atg16L1 causes tissue injury in intestinal Paneth cells leading to
CD, a known risk factor for colorectal cancer in humans [27]. Atg7−/− mice show impaired
white adipocyte differentiation and are predisposed to premature death when fed a high-fat
diet [28]. These observations suggest that autophagy sustains cellular and mammalian
viability through damage mitigation and maintenance of metabolic homeostasis.

Autophagy defects reduce viability, but promote tumorigenesis
Autophagy is induced in cells under metabolic stress, but in apoptosis-competent cells,
apoptosis is also activated as a tumor suppressor mechanism. In apoptosis-deficient cells,
autophagy promotes remarkable long-term stress survival leading to dormancy and then
regeneration upon stress removal (Figure 2). Autophagy-defective cells, however, can
eventually succumb to prolonged metabolic stress and undergo cell death by necrosis when
apoptosis is disabled [29].

Contrary to the survival function of autophagy, autophagy defects that impair survival can
promote tumorigenesis, and mice with allelic loss of beclin1 are prone to hepatocellular
carcinoma (HCC), lung adenocarcinomas, lymphomas, and mammary hyperplasia [15,16].
Moreover, oncogenic insults such as constitutive activation of the class-I
phosphatidylinositol 3-kinase (PI3K-I) pathway inhibit autophagy by activating mTOR,
suggesting a role for autophagy in tumor suppression [6]. The apparent paradox that the loss
of a survival pathway leads to tumorigenesis can be reconciled by the damage-mitigation
and metabolism-supporting functions of autophagy with different functional consequences at
various stages during the process of cancer development. Thus, the role of autophagy in
cancer is context-dependent.

Autophagy suppresses tumorigenesis by limiting necrosis and
inflammation

Regions of chronic tissue inflammation are breeding grounds for cancer-causing mutations
[3,30]. In mammals, chronic tissue damage and inflammation can be caused by pathogen
infections or exposure to toxins, and lead to tumorigenesis [3]. Autophagy-deficiency can
recreate this condition by preventing the normal adaptation to metabolic stress, without the
need for external inducers of cell death, tissue damage, and chronic inflammation. Genetic
inhibition of autophagy indeed leads to cell death, tissue damage, and chronic inflammation
due to a mal-adaptation to normal stress [29,31]. Furthermore, accumulation of cytotoxic
“cellular garbage” under autophagy-deficiency may provide the perfect recipe for a
damaging microenvironment and local inflammation conducive for tumor growth [3,32].
However, the exact mechanism by which autophagy-defects lead to inflammation and tumor
promotion can be tissue dependent.

Liver-specific deficiency in atg7 causes accumulation of p62 and poly-ubiquitinated protein
aggregates inducing p62-dependent liver damage [33]. Allelic loss of beclin 1 causes p62-
aggregate accumulation and inhibition of canonical nuclear factor-κB (NF-κB) pathway
leading to hepatocellular carcinoma (HCC) [32], which phenocopies hepatocyte-targeted
deficiency in the NF-κB activators IKK-β or NEMO [34,35]. It is known that inhibition of
NF-κB survival signaling in the liver causes apoptosis, and recruitment of liver-specific
macrophages (Kupffer cells) producing inflammation and compensatory-proliferation in the
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surviving hepatocytes leading to HCC [36]. Thus autophagy functions to limit chronic cell
death and inflammation to suppress tumorigenesis (Figure 3). It will be of interest to
establish whether tumors arising in other tissues are linked to chronic tissue damage due to
suppression of autophagy, either through direct inactivation of essential autophagy genes or
indirect activation of signaling pathways that suppress autophagy.

Autophagy limits genome instability
Another important mechanism of oncogenesis is the accumulation of tumor-promoting DNA
alterations through exposure to oxidative stress. Metabolic stress in normal tissues can
trigger oxidative stress through accumulation of unfolded proteins and damaged organelles,
which are normally eliminated by autophagy. Stress that upregulates autophagy also induces
the autophagy cargo receptor p62, which binds and aggregates poly-ubiquitinated proteins
tagged for degradation, and delivers them to the autophagy pathway for degradation [32]. In
autophagy-competent cells [37], the p62-dependent recycling and clearance of cellular
garbage functions to mitigate oxidative stress. When autophagy is defective, however, p62
and cargo are not degraded and persistence of high levels of p62 and associated cargo elicits
cytotoxic response. Consistent with this, p62-deficiency delays mortality in mice with liver-
specific atg7-deficiency [26]. This cytotoxicity includes activation of the DNA damage
response, alteration in gene expression, and elevated chromosome gains and losses that may
accelerate DNA mutations that potentially contribute to tumorigenesis (Figure 3) [32].
Moreover, persistent ectopic expression of p62 reconstitutes cytotoxic response and
tumorigenesis, and knocking down p62 rescues the oxidative stress phenotype suggesting
that clearance of p62 and p62-containing aggregates is one mechanism by which autophagy
prevents tumorigenesis [32].

Recent evidence suggest that p62 directly mediates oxidative stress by sequestering the
kelch-like ECH-associated protein 1 (Keap1), an adaptor of the E3-ligase for the degradation
of the NF-E2-related factor 2 (Nrf2) transcription factor, promoting Nrf2-mediated stress
response [38,39]. Additionally, persistent Nrf2 activation due to liver-specific deletion of
Keap1 exacerbates the hepatotoxicity in autophagy-deficient mice, which is suppressed by
loss of Nrf2 suggesting that p62-dependent deregulation of Nrf2-Keap1 system at least in
part is responsible for the tissue damage observed under autophagy-deficiency [38]. p62 in
turn, is induced by Nrf2 in response to oxidative stress creating a positive feedback loop
[40]. This mechanism of autophagy-mediated tumor suppression by cellular garbage
disposal suggests that stimulation of autophagy may be an important approach to cancer
prevention.

Autophagy and cancer metabolism: The nightlife of autophagy
Human cancers are known to have altered metabolism tailored to suit their specific growth
requirements. Cancer cells preferentially utilize glucose through aerobic glycolysis
(Warburg effect). A recent metabolomic analysis of human colon and gastric cancers
showed low glucose and high glycolytic intermediates and lactate levels. They also
displayed signs of excessive glutamine consumption and enhanced degradation and
recycling of proteins proposed to be through autophagy [41] although other mechanisms are
possible. It is well appreciated that cancer cells have an increased need for energy and a
carbon/nitrogen source for biomass production due to hyper-proliferation, both of which are
achieved primarily through metabolism. As a major provider of energy substrates under
stress [11,19,42], autophagy can support metabolism under these conditions of extreme
demand.

Mutations in genes encoding mitochondrial enzymes, such as succinate dehydrogenase
(SD), fumarate hydratase (FH) and isocitrate dehydrogenase (IDH), are observed in certain
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types of human cancers and are linked to activation of hypoxia inducible factors (Hifs)
[43,44]. Activation of oncogenes such as Hif1-α and c-Myc transcriptionally upregulate
glycolosis genes, promote glycolysis and anaerobic breakdown of pyruvate to lactate
[44,45]. Similarly, Myc activation promotes dependence on glutamine as a carbon source for
the tricarboxylic acid (TCA) cycle (glutaminolysis) [46,47]. Activation of Hifs induces
transcription of the Bcl-2/adenovirus E1B 19K-interacting protein 3 (Bnip3) gene to induce
mitochondrial-selective autophagy, potentially elevating autophagy-dependence. Indeed,
autophagy is required to access intracellular fat storage for free fatty acids to support
metabolism and autophagy defects cause accumulation of lipid droplets [48]. Lipophagy
(autophagy of lipids) provides fatty acids for β-oxidation that generates acetyl-CoA in
mitochondria to support the TCA cycle. Autophagic degradation of preexisting intracellular
proteins is a major source of free amino acid pools in stressed cells [11,42], and is shown to
increase the free amino acid pools in C. elegans [49]. Autophagy-defects prevent
degradation of both long-lived as well as short-lived proteins [50,51], and plasma amino
acid levels rapidly decrease in atg5−/− and atg7−/− neonates after birth [19,20]. The free
amino acid pool feeds into central carbon metabolism at multiple points [11] that include
pyruvate, acetyl-CoA and TCA intermediates such as α-ketoglutarate (α-KG) (from
glutamine) and oxaloacetate (from aspartate). Given the role of autophagy in the generation
of these substrates through macromolecular recycling, defects in autophagy may have a
profound impact on mitochondrial substrate availability and function. The metabolism-
supporting role of autophagy may have dramatic consequences to established tumors with
increased metabolic demand. In this setting, it will be interesting to examine the role of
autophagy-defects in tumors with constitutive activation of oncogenes such as myc and ras
where elevated metabolism may require autophagy to meet the elevated metabolic demand
of deregulated tumor growth.

Autophagy, mitochondrial health and energy metabolism
How exactly defects in autophagy may impinge altered cancer metabolism and potentially
support tumor growth is currently unclear, but most likely it involves autophagy’s role in
maintaining mitochondrial health under stress. Damaged mitochondria are a major source of
reactive oxygen species (ROS) production in cells, and mitophagy is the mechanism that
clears depolarized mitochondria to maintain cellular homeostasis [52]. Mitochondria
undergo multiple rounds of fusion-fission cycles to maintain the pool of healthy
mitochondria. Without autophagy, the mitochondrial pool becomes progressively
contaminated by abnormal and dysfunctional mitochondria [53,54]. Autophagy clears
depolarized-mitochondria through the PTEN-induced putative kinase 1 (PINK1)- and
Parkin1-dependent ubiquitination of the mitochondrial proteins, including the voltage-
dependent anion channel (VDAC1) and the recruitment of p62 that targets them to
autophagosomes [53]. Failed mitochondrial quality control may be compounded by substrate
limitation due to autophagy-defects, especially under metabolic stress. Additionally,
impaired mitochondrial metabolism and consequent impairment in energy production may
potentially select for increased glycolysis and lactate production contributing to the Warburg
effect. Thus failure of mitochondrial quality control in autophagy-defective cells may be an
alternative route to less dependence on oxidative metabolism, promoting the Warburg effect,
although more detailed investigation is necessary to address this issue.

Conclusion
The role of autophagy in cancer is complex and context-dependent. Autophagy is an
important tumor suppressor pathway that limits oxidative stress and tissue damage that can
promote cancer initiation. However, autophagy also supports cellular metabolism that has
the potential to aid the growth of advanced tumors with elevated metabolic demand.
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Although recent studies have contributed tremendously to our understanding of the role and
relevance of autophagy in cancer, there are many areas of the basic biology of autophagy
that are not yet understood. For example, how does autophagy selectively access major
energy sources such as lipids and carbohydrates, and to what extent do these sources
contribute to stress survival? Although the role of autophagy in degrading macromolecules
is well established, how the autophagy pathway is integrated with central carbon metabolism
and possibly the Warburg effect is not known. Is activation of autophagy by tumors under
metabolic stress merely survival promoting, or can it sustain production of new biomass? If
and how autophagy provides net flux into total biomass for biosynthetic pathways and how
defects in autophagy might impact these processes in advanced tumors are worth detailed
investigation. Answers to these pertinent questions will also help to reveal how autophagy-
defects alter mitochondrial function. Another interesting and yet unanswered question is
how tumors with autophagy defect, and presumably mitochondrial and TCA cycle
impairment, sustain tumor growth. With a new appreciation of the role of metabolism in
cancer, it will be of great interest to elucidate the role of cellular catabolism by autophagy in
this context.
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Figure 1. Regulation of autophagy under nutrient deprivation and its interaction with central
carbon metabolism
The major extra-cellular nutrient sensing pathways, controlled by PI3K-I and adenosine
monophosphate activated kinase (AMPK) tightly regulate autophagy through mTOR
signaling, although other mTOR independent mechanisms exist [9–11]. Under nutrient-
replete conditions, autophagy is inhibited by mTOR and inactivation of the ULK1 complex.
Metabolic stress relieves this inhibition to activate autophagy, and activates AMPK. AMPK
inhibits mTOR by activating its negative regulator, the tuberous sclerosis protein 2 (TSC2)
and inhibiting its positive-regulatory subunit, Raptor. The ULK1 complex activates the
vacuolar sorting protein 34 (hVPS34)- and Beclin1-containing complexes (complex I and
complex II), to initiate phagophore formation (Figure 1) [9]. Phagophores nucleate and
expand around the cargo encapsulating it and targeting it to lysosomes for degradation.
Degradation products of autophagy substrates may re-enter glycolysis and the TCA cycle for
anabolic as well as catabolic processes leading to generation of energy and biomass
production. For an extensive review of other forms of autophagy regulation, please see
[11,12,55].
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Figure 2. Mechanism of autophagy-mediated stress survival and tumor cell dormancy
Metabolic stress is a potent trigger for senescence or apoptosis as two important tumor
suppression mechanisms. Autophagy is induced under metabolic stress as a survival
mechanism that delays apoptosis [29,56]. Apoptosis-defective cells survive metabolic stress
through autophagy-mediated stress-adaptation. Upon prolonged stress, cells exit the cell
cycle, and alter gene expression and metabolism to conserve energy leading to senescence,
dormancy or quiescence [29,31]. Upon removal of stress, dormant cells re-enter the cell
cycle and resume proliferation that can potentially lead to regeneration and tumor relapse.
Deciphering the molecular mechanisms of this stress-adaptation is important to prevent
tumor dormancy to improve cancer therapy.
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Figure 3. Mechanisms by which autophagy defects promote tumorigenesis
Metabolic stress due to hypoxia, nutrient deprivation and oncogene activation trigger
proliferation but also induce apoptosis, which limits tumor growth. Metabolic stress
activates autophagy as a protective mechanism in metabolically stressed tumor regions.
Autophagy-competent cells survive, while autophagy-defective cells succumb to cell death
in hypoxic regions, promoting a chronic inflammatory state that can favor tumor growth
[3,29,31]. Thus by limiting tissue damage, autophagy may suppress tumorigenesis. At the
subcellular level, metabolic stress also induces oxidative damage and p62-accumulation. In
normal cells, coordinate induction of autophagy degrades damaged proteins, lipids and
organelles, preventing toxic buildup of “cellular garbage” in a p62-dependent manner, thus
protecting the genome. In autophagy-defective cells, the degradation of toxic material is
prevented, leading to persistently high levels of p62 and the formation of p62-containing
protein aggregates, accumulation of damaged mitochondria and ROS production, leading to
DNA damage and chromosomal instability that can promote tumorigenesis [3,32].
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