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Summary

Autophagy is critical for maintaining cellular homeostasis, coping with metabolic stress, and limiting
oxidative damage. Several autophagy-deficient or knockout models show increased tumor incidence,
implicating autophagy as a tumor suppressor. Autophagy is involved in multiple processes which
may curb transformation, including the control of oncogene-induced senescence (OIS), which can
limit progression to full malignancy, and efficient antigen presentation, which is crucial for immune
cell recognition and elimination of nascent cancer cells. Activation of the autophagy pathway may
therefore hold promise as a chemoprevention strategy. Caloric restriction, bioactive dietary
compounds, or specific pharmacological activators of the autophagy pathway are all possible avenues
to explore in harnessing the autophagy pathway in cancer prevention.

Introduction

The macroautophagy (hereafter autophagy) pathway is the central recycling center of the cell.
This pathway orchestrates the degradation of bulk cytoplasmic components and organelles,
which are engulfed within double-membraned cytoplasmic vesicles coined autophagosomes
that form following the fusion of isolation membranes called phagophores. The outer
membrane of autophagosomes then fuse with the lysosome (Figure 1), delivering their cargo
for degradation into monomers (e.g., amino acids, fatty acids, etc.) that are necessary to
maintain the metabolic and bioenergetic demands of the cell under conditions of stress or
nutrient deprivation. Indeed, the majority of long-lived proteins and organelles are degraded
via autophagy, underscoring its essential role in cellular homeostasis. Further, autophagy is
markedly upregulated by cellular stress, including nutrient or cytokine depletion, hypoxia or
oxidative damage, and it is also required for removing protein aggregates and as an innate
intracellular defense mechanism against several pathogens[1~3]. Finally, autophagy is induced
by nearly every anti-cancer regimen, and this pathway therefore represents a major, tumor cell-
intrinsic, resistance mechanism.

These responses are most consistent with the well-established pro-survival roles of the
autophagy pathway, yet aberrantly high levels of autophagy can also trigger macroautophagic
(type I1) cell death. However, under most physiological conditions, for example, following
long-term starvation, cells can undergo a complete recovery when returned to nutrient-replete
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conditions [4]. Thus, cell death via autophagy likely reflects the finite ability to survive
prolonged famine rather than an active form of cell death. Indeed, bioenergetic failure leads to
apoptosis or necrosis, and these bona fide cell death programs and autophagy are interconnected
at many levels. For example, apoptotic proteins such as Bcl2 and Bcl-xL also regulate
autophagy through their interactions with Beclinl, a required cofactor for the class 111 P13-
kinase Vps34[5:6] that generates phosphoinositides essential for autophagosome formation.
Further, blocking both autophagy and apoptosis leads to death by necrosis[4], which provokes
an inflammatory response that drives tumor progression.[1]

Dualism of autophagy in the development and maintenance of cancer

Links between autophagy and cancer are evident on many levels. First, loss of heterozygosity
(LOH) of some autophagic regulators such as Beclinl or bif, or components of the pathway
such as Atg4c or UVRAG, generates a tumor -prone phenotype in mice[7~10]. Second,
beclinl heterozygosity accelerates Myc-driven tumorigenesis in the Ep-Myc transgenic model
of human B cell lymphoma (F. Dorsey and J. Cleveland, unpublished data). Third, Beclinl or
Atg5 knockdown augments transformation of cell lines[11:12]. Finally, LOH of Beclinl
appears common in ovarian and breast cancers, yet complete loss of Beclinl is not observed,
suggesting essential roles of autophagy in the maintenance of the malignant state[13:14].

Collectively, these findings are consistent with a tumor suppressor role for the autophagy
pathway in blocking cancer development. Indeed, given that autophagy limits the accumulation
of cellular damage to proteins, organelles, and DNA, all of which can contribute to mutation
and/ or metabolic dysfunction and initiate transformation, this pathway should intuitively
suppress tumorigenesis [1:12:15]. Accordingly, one would predict that oncogenes suppress
this pathway, and indeed our recent studies have established that the Myc oncoprotein
suppresses the expression of autophagic components. However, the loss of other essential
components of the autophagy pathway such as Atg7 or Atg5, which are required for
autophagosome formation, is not sufficient to trigger a tumor-prone phenotype and Atg7 loss
does not affect the onset of Ep-Myc-driven lymphoma (F. Dorsey and J. Cleveland,
unpublished data). Thus, the autophagy pathway may only curb tumorigenesis in select
contexts.

Despite its rather confusing roles in tumor development, autophagy provides a definitive
advantage to tumors in the management of metabolic stress. For example, autophagy is
specifically induced in hypoxic regions of tumors[1], where it provides a metabolic safety net
for oxygen- and nutrient-starved cells. Furthermore, Atg7 functions contribute to the
maintenance of Myc-induced lymphoma. Thus, though reductions of the autophagy pathway
may favor mutations that promote transformation, as seen in Beclinl haploinsufficiency,
autophagy likely plays essential survival roles in the maintenance of extant tumors.

Impact of the autophagy pathway on transformation

Oncogene activation triggers a series of DNA-damage, proliferative, and apoptotic checkpoints
that are disabled during tumor progression and autophagy may impact these responses at
several levels (Figure 1). First, autophagy functions in a cell-intrinsic fashion as a guardian
that removes damaged and/ or damaging materials, thereby limiting mutational insults to the
cell. Thus, one prediction is that autophagy may dampen activation of these checkpoints.
Second, autophagy appears to play an important role in oncogene-induced senescence, which
may serve to limit tumor progression. Finally, there are likely several non-tumor cell
autonomous effects of the autophagy pathway on tumorigenesis. For example, autophagy has
clear effects in monitoring and controlling damage invoked by the inflammatory response,
which can drive tumorigenesis, and autophagy is necessary for aspects of immune cell function
and for immune surveillance. Specifically, autophagy is necessary for the processing of MHC
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peptides in antigen-presenting cells (APC), which is necessary for loading these peptides on
APC and for presentation and activation of effector T cells. Accordingly, the autophagy
pathway has a direct impact on all cancer vaccine development. However, the early role of
autophagy in preventing transformation contrasts with its roles in promoting survival of tumor
cells undergoing metabolic stress. Thus, while autophagy provides an attractive target for
cancer prevention and therapeutics, selective preneoplastic- and/ or tumor-specific anti-
autophagy agents are clearly desired to maximize anti-tumor effects without compromising
immune surveillance.

Minimizing cellular damage

Autophagy functions as a sentinel against cellular damage, a byproduct of metabolism and
aging that must be constantly curtailed. This is largely accomplished by the steady - state
turnover of proteins and organelles by autophagy. Accordingly, deficiencies in autophagy
trigger increases in protein dysfunction and aggregation, damage to mitochondria, the induction
of reactive oxygen species (ROS), and genomic instability. Further, autophagy plays clear roles
in age-related and chronic disease and also in the response to acute stress, including hypoxia,
oxidation, and heat shock, all of which contribute to protein dysfunction and genotoxic damage
[11112:16:17].

Autophagy-related disruption of normal protein/ organelle turnover is implicated in several
pathologies, including cancer, heart disease, and neurodegeneration, and chronic liver disease.
Improper clearance of injurious protein aggregates and increases in levels of oxidized proteins
are hallmarks of neuronal cells in Huntington ’s, Parkinson ’s, and Alzheimer’s diseases, and
similar phenotypes are manifest in autophagy-deficient mice[18:19]. Accumulation of p62 in
autophagy-deficient tumor cells leads to DNA and organelle damage, and increases in ROS
[17]. Similarly, defects in removal of mutant fibrinogen, which leads to chronic liver disease
and cirrhosis in humans, have been recapitulated in atg5-deficient cells[20], and alpha-1-
antitrypsin (AT) deficiency, which can lead to hepatocellular carcinomas, is harnessed by
autophagy-mediated clearance of mutant AT protein[21].

Autophagy also plays critical roles following exposure to DNA damage. For example,
immortalized Atg5~~ or beclin1*/~ Bcl-2-expressing kidney epithelial cells are hypersensitive
to DNA damage and manifest increased centrosome numbers, microtubule abnormalities, and
aneuploidy[12]. Similar results have been reported in autophagy-deficient immortalized
mammary epithelial cells[11]. Curiously, these cell lines have increased tumorigenic potential,
supporting the role of autophagy in limiting both the DNA damage and resultant genomic
instability, which ultimately leads to malignant transformation.

Autophagy and senescence

Cellular senescence is an important tumor suppression mechanism whereby cells undergo a
terminal proliferative arrest but retain normal metabolic capacity. While replicative senescence
is defined as compulsory mitotic arrest imposed after a finite number of divisions[22] (i.e., the
classic Hayflick limit), senescence can also be induced by DNA or organelle damage, oxidative
insults, loss of tumor suppressors, or following the activation of oncogenes. Unlike replicative
senescence, oncogene-induced senescence (OIS) is a rapid and acute process triggered by
oncogenes (i.e., Ras) that has been implicated in the control of benign tumors by impeding
frank malignancy[23]. Interestingly, autophagic flux and expression of components of the
autophagy pathway are increased in senescent cells, where autophagy appears to provide
essential monomers for these highly anabolic cells[24]. Modulation of key autophagic
components such as Ulk3, Atg5, or Atg7 has been shown to control senescence, possibly
through feedback control of the Pi3K-Akt-mTOR pathway[25], which acts to limit oncogene
signaling and enable cell cycle exit.
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Autophagy and immune surveillance

Immune detection and elimination of nascent cancer cells, first posited over a century ago, is
now recognized as a major barrier to clinical disease[26]. Human transplant patients who
undergo long-term immunosuppression have a greatly increased cancer incidence[27]. Further,
increased levels of select immune cells within tumors are positive prognostic indicators, as is
immunity to various tumor antigens. Finally, several strains of immunodeficient mice are
highly susceptible to chemically-induced tumors, and can also develop early-onset spontaneous
cancers[28].

Immunosurveillance provides a fundamental defense against cancer through cell-mediated,
humoral, and innate mechanisms. Cytotoxic CD8+ T lymphocytes (CTLs) recognize tumor-
associated antigens (TAA)[29731], including the cancer/ testis (CT) antigens, cyclin B1, and
mucin 1 (Mucl), and correspondingly, CTLs within tumor tissue connote favorable patient
prognosis[32:33]. Antibodies to oncoproteins correlate with positive outcome in ovarian cancer
[34]. Additionally, innate immune effectors such as natural killer (NK), natural killer T (NKT),
and yd T cells are important effectors in eradicating malignancies[28:35]. Conversely, chronic
inflammation leads to infiltration of tumor-associated macrophages and mast cells that promote
tumorigenesis and presage poor outcome. Predictably, tumors evolve means of immune
avoidance, including tolerizing T cells and secreting pro-inflammatory and/or
immunosuppressive cytokines and chemokines[36]. Ironically, over time the immune response
may sculpt the tumor repertoire by negatively selecting highly immunogenic tumor cells whilst
sparing the poorly immunogenic, enabling persistence and the acquisition of additional
mutations[28].

A classic example of tumor immunosurveillance and its interplay with autophagy is found with
Epstein-Barr virus (EBV). EBV infections are associated with Burkitt and Hodgkin’s
lymphomas, nasopharyngeal carcinomas, and gastric cancers, and immunocompromised
individuals have a much higher frequency of EBV-transformed B cell lymphoma[37]. With an
infection rate estimated >90% of the general population, the efficacy of this
immunosurveillance is clear. Importantly, autophagy plays critical roles in processing and
presentation of EBNA-1 peptides with MHC Il molecules on EBV-transformed cells, as
presentation is blocked by knockdown of Atg12[38]. Antigen presentation of other TAASs, such
as Mucl, also requires autophagy[39], and indeed, proteins fused to Atg8/ LC3 can enhance
MHC class Il presentation[40].

Autophagy also plays roles in innate and adaptive immunity that may be exploited for cancer
prevention[3]. For example, autophagy is critical for normal T and B cell development[41:
42], B cell receptor (BCR) signaling and co-stimulation[43], macrophage function[44],
apoptotic cell clearance[45], and antimicrobial function of Paneth cells[46] in the small
intestine. Interestingly, two recent studies highlight a T cell-intrinsic role for mTOR inhibition
in promoting memory CD8+ T cell differentiation[47:48]. As mTOR is a negative regulator
of autophagy, activation of autophagy may play a role in the generation of effective memory.

Thus, agents that selectively augment autophagy functions may increase the efficacy of
immune surveillance, the potency of tumor vaccines, and ameliorate the inflammatory
phenotype manifest during chronic infections that are associated with increased cancer risk.

Activating autophagy as a cancer prevention strategy

Cancer prevention strategies must be readily accessible, safe over the long-term, easily
implemented, and have no major side effects. There are several avenues available to pursue in
targeting autophagy for cancer prevention, but all need to be optimized to meet the above
criteria.
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Caloric restriction

Cancer risk rises dramatically with age. Thus, attempts to extend the collective human lifespan
will have to reckon with cancer. Further, the ability to induce autophagy appears to decline
with age[49]. Interestingly, the only consistent strategy documented to extend life and inhibit
tumorigenesis involves limitation of food intake. Discovered in rodents over 70 years ago
[50], this principle is widespread and robust. For example, Caenorhabditis elegans GLD-1
mutants, which develop lethal germ cell tumors, are rescued by longevity-conferring mutations
that impair insulin receptor signaling, prevent food consumption, or disrupt optimal
mitochondrial function [51], and this has been linked to induction of autophagy[52]. Further,
caloric restriction (CR) nearly doubles the lifespan of a mouse and delays spontaneous
tumorigenesis in p53~/~ mice[53:54]. Recently, CR has been shown to increase longevity in
rhesus monkeys[55]. Extension of lifespan is also circumstantially linked to autophagy in yeast
[56], C. elegans[57], and Drosophila[58], where cumulative cellular damage is associated
with an accelerated aging phenotype. Therefore, activation of autophagy through CR or
periodic fasting would appear to be a logical avenue to pursue in cancer prevention. Conversely,
obesity (i.e., excessive caloric intake) is a strong risk factor for cancer, and overweight cancer
patients have consistently poorer prognoses than those having normal weight. These effects
may be largely due to inflammation, as adipocytes secrete a number of pro-inflammatory
cytokines that increase both cancer risk and tumor progression[59]. Interestingly, autophagy
has been shown to be critical for rapid clearance of apoptotic cells, which is known to limit the
inflammation associated with cell death.[45] Thus, autophagy induced by caloric restriction
may reduce both inflammation and cancer incidence.

Activation of autophagy by nutrient limitation is also tied to other anti-aging pathways.
Sirtuins, some of which have NAD-dependent deacetylase function, control lifespan in
eukaryotes and Sirtuin-1 (Sirtl) is induced in tissues of rodents subjected to CR[60:61]. Sirtl
activation following CR activates autophagy in a deacetylase-dependent manner, and Sirt1-
deficient mice have defects in mobilizing the autophagic machinery following nutrient
deprivation, and this has been linked to Sirtl-dependent deacetylation of Atg7 and LC3[62].
Conversely, the acetyltransferase p300 appears to acetylate Atg5, Atg7, LC3 and Atgl12 and,
accordingly, p300 knockdown induces autophagic activation[63]. Therefore, the lifespan
extension seen with CR in many model systems may involve the activation of multiple anti-
aging pathways that target the autophagy pathway.

Dietary modulation

Inaddition to CR, other diet modifications hold promise in preventing cancer through activation
of autophagy. The high-fat, low-fiber diet of modern, industrialized societies is implicated in
a third of all cancers; thus, cancer -protective compounds in food are receiving much attention.
These include the carotenoids, lycopene (watermelon, tomatoes), B-carotene (carrots, leafy
greens) and lutein (kale family), the polyphenols quercetin (onions, apples), resveratrol
(grapes), and curcumin (turmeric), and epigallocatechin-3-gallate (green tea). All inhibit ROS
and reactive nitrogen species, and have anti-angiogenic and anti-inflammatory properties.
Likewise, polyunsaturated fats have anti-inflammatory effects, and these compounds, and other
phytochemicals (e.g., indole-3-carbinol, proanthocyanin) and vitamin D3, are thought to have
cancer prevention effects[64:65]. Interestingly, many of these dietary compounds also
modulate autophagy[66'67]. For example, several phytochemicals reverse okadaic acid-
induced inhibition of autophagy, and vitamins D3 and K2, and resveratrol, a known activator
of Sirt1, also appear to augment autophagy. Unfortunately, experiments are lacking that clearly
demonstrate that dietary compounds act to prevent transformation via their effects on
autophagy.
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There are several hurdles that must be addressed in using dietary compounds to modulate
autophagy [65]. First, concentrations of these compounds in foods are rarely high enough to
have physiological effects and data on their bioavailability, absorption, and metabolism are
lacking. Second, the synergistic effects associated with many food - related compounds is lost
if they are taken in isolation. Conversely, some compounds demonstrate antagonistic effects
with each other or with traditional chemotherapeutics. Finally, the scope of assessing diet in
cancer chemoprevention is large. For example, while thousands of phytochemicals have been
identified, few have been rigorously assessed for their ability to modulate autophagy.

Pharmacologic activation of autophagy

Autophagy has apparent conflicting roles in the development and maintenance of cancer.
Agonists of the autophagy pathway will likely inhibit transformation and prevent cancer by
limiting damage. In contrast, agents that inhibit the pathway are desired for extant
malignancies, where autophagy plays critical roles in tumor cell survival. Thus, both agonists
and inhibitors of the pathway are desired.

There are several drugs that alter autophagy and impair tumorigenesis. Agents that mimic
metabolic or environmental stresses, or those that disrupt mitogenic signaling cascades induce
autophagy[68]. For example, 2-deoxyglucose impairs glycolysis, thus mimicking starvation,
and inhibitors of growth factor factors receptors, the PI3K-mTOR pathway and histone
deacetylases are all potent activators of the autophagy pathway[69]. Indeed, the rapamycin
family (rapamycin/ sirolimus, Rad001/ Everolimus, CCI-779/ Temsirolimus, and AP23573)
of macrolide antibiotics activate autophagy through mTOR inhibition and can extend lifespan
in mice[70], though this could not be directly attributed to reduced cancer incidence. In
addition, inhibitors that selectively target class | PI3K are also potent agonists of the autophagy
pathway, as are agents that target 1,4,5-inositol triphosphate (IP3) uptake[7]. Collectively, such
compounds have promise as chemoprevention drugs, and their efficacy as therapeutics will be
markedly augmented by the derivation of new autophagy inhibitors.

Finally, there is mounting evidence that current FDA-approved agents for other indications
may affect the autophagy pathway and cancer therapy. Chloroquine (CQ), an anti-malarial
compound, has been shown to prevent lymphoma development by impacting autophagy and
the lysosomal pathway in mouse cancer models of ataxia telangiectasia mutated (Atm ~~ mice)
and human B lymphoma (Ep-Myc transgenics)[71]. These findings suggest CQ as a
chemoprevention agent, and indeed this notion is supported by a clinical trial assessing the
efficacy of CQ as an anti-malarial in Tanzania, where CQ reduced the incidence of Burkitt
lymphoma by over 80 percent[72]. The mechanism of CQ chemoprevention is not entirely
clear, as measurements of autophagic flux indicate that it can activate the pathway. However,
CQ is weak base and, as a lysosomotropic agent, it also disrupts lysosomal functions and
impairs the destruction of cargo delivered by the autophagosomes. Importantly, however, CQ
has synergistic anti-cancer effects in combination with conventional therapeutic agents in
treating otherwise refractory malignancies. Accordingly, CQ is currently being tested in several
clinical trials in combination therapies[68].

Additionally, several independent studies have shown reduced cancer mortality in type 2
diabetes patients treated with metformin, a biguanide that lowers blood glucose levels by
inducing glucose uptake into muscle tissue and by inhibiting its production in the liver[73~
76]. As type-2 diabetes patients have an overall increased cancer risk, this implicates metformin
as a potential chemoprevention agent. Interestingly, metformin can inhibit p53-deficient tumor
growth through the induction of AMPK kinase, which in turn inhibits mTOR and induces
autophagy[77], suggesting an autophagy-related mechanism is responsible for metformin’s
anti-cancer effects.
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Conclusions and future directions

Future emphasis must be placed on specificity, selectivity and clearly defined mechanisms of
action when identifying agonists of the autophagy pathway, which should be effective
chemoprevention agents. Indeed, most current prevention strategies rely on non-specific modes
of action. Moving forward, the oncology field must consider taking a specific approach by
targeting key components of the autophagy pathway, yet how these agents impact
immunosurveillance as well as other aspects of host physiology must be considered. Indeed,
given the likely roles of autophagy in maintenance of the malignant state, the use of such
chemoprevention strategies must be carefully tailored.
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Figure 1. The role of autophagy in preventing neoplastic transformation

The autophagy pathway can be activated through various mechanisms and performs essential
cellular housekeeping and recycling functions that serve to limit the accumulation of cellular
damage and inflammation. In addition, autophagic activation plays a key role in antigen
presentation, immune system development, and homeostasis. Oncogene-induced senescence
(OIS) has also been linked to autophagy and may provide an alternate cell cycle exit strategy
when apoptotic pathways are disabled.
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