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Abstract

Autophagy is an ancient catabolic process used by cells to clear excess or dysfunctional organelles 

and large subcellular structures and thus performs an important housekeeping role for the cell. 

Autophagy is acutely sensitive to nutrient availability and is upregulated at a transcriptional and 

posttranslational level in response to nutrient deprivation. This serves to promote turnover of 

cellular content and recycling of nutrients for continued growth and survival. While important for 

most normal tissues, tumor cells appear to be particularly dependent on autophagy for survival 

under ischemic or therapeutic stress, and in response to loss of matrix attachment; autophagy is 

upregulated markedly in cancers as they progress to malignancy. Ras-driven tumors appear to be 

particularly dependent on autophagy and thus inhibition of autophagy is being pursued as a 

productive clinical approach for such cancers. However, this enthusiasm needs to be offset against 

possible negative effects of autophagy inhibition on normal tissue function and on limiting 

antitumor immune responses. In addressing all of these topics, we focus in on understanding how 

autophagy is induced by nutrient stress, its role in recycling metabolites for growing tumors, how 

selective forms of autophagy, such as mitophagy and ribophagy contribute specifically to 

tumorigenesis, how autophagy in the tumor microenvironment and throughout the animal affects 

access of the tumor to nutrients, and finally how different oncogenic pathways may determine 

which tumors respond to autophagy inhibition and which ones will not.

Macroautophagy is a catabolic process in which cellular constituents are engulfed by 

autophagic vesicles and targeted for degradation at the auto-phagolysosome (Dikic and 

Elazar, 2018; Galluzzi et al., 2017a; Simon et al., 2017). Autophagy assures cellular survival 

by eliminating dysfunctional organelles, trimming organelle mass as an adaptation to stress, 

recycling nutrients and other homeostatic functions in the cell. Autophagy also promotes 

tumor cell migration and invasion during metastasis (Mowers et al., 2017), modulates 

antitumor immunity (Zhong et al., 2016a) and is required for stemness in both normal 

tissues and in cancer (Smith and Macleod, 2019). Autophagy has been viewed as 

challenging to target in cancer therapy due to the pleotropic nature of its function and 

evidence suggesting it has both pro- and antitumorigenic properties (Galluzzi et al., 2015; 
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Levy et al., 2017). However, recent in-depth “omics” analyses of human cancers and mouse 

models of cancer indicate that autophagy inhibition may be particularly effective for cancer 

therapy in combination with drugs that target the RAS-RAF-MEK-ERK pathway (Bryant et 

al., 2019; Kinsey et al., 2019; Lee et al., 2019). This sensitivity of RAS-driven cancers to 

autophagy inhibition is determined in part by the unique rewiring of tumor metabolism that 

makes these cancers highly dependent on autophagy for metabolite recycling (Kimmelman 

and White, 2017). Here, we review the role of autophagy in cancer cell metabolism 

including the mechanistic basis of how autophagy is induced by nutrient stress, how 

autophagy specifically promotes recycling of nucleotides, amino acids and lipids and finally 

how autophagy modulates cancer growth via effects on systemic metabolism and in the 

tumor microenvironment.

1. Autophagy, the process

Autophagosomes are double-membraned vesicles that form as nascent phagophore 

membranes at the endoplasmic reticulum (ER), the outer mitochondrial membrane (OMM) 

and parts of the trans-Golgi network (TGN) with membrane contribution also coming from 

recycling endosomes and other cellular membrane compartments (Carlsson and Simonsen, 

2015; Lamb et al., 2013). There is particular interest in mitochondrial associated membrane 

(MAM) sites on the ER as specific sites of phagophore initiation due to the concentration of 

key autophagy protein complexes there (Hamasaki et al., 2013). Autophagy is orchestrated 

by autophagy-related genes/proteins (ATG) that are highly conserved from yeast to human 

and which make up the serine kinase preinitiation complex, the lipid kinase initiation 
complex and two major conjugation complexes (Fig. 1) (Dikic and Elazar, 2018; Galluzzi et 

al., 2017a; Kroemer et al., 2010; Weidberg et al., 2011).

The preinitiation complex consists of the Unc51-like kinases (ULK1 or ULK2) bound to 

ATG13, ATG101 and FAK-interacting protein 200kDa (FIP200). This complex senses 

cellular nutrient stress via the ULK1/ULK2 kinases, which are substrates of AMP-activated 
Kinase (AMPK) activated by low ATP levels that arise from hypoxia, glucose deprivation 

and other metabolic stresses (Fig. 1A) (Egan et al., 2011). Conversely, mammalian Target of 
Rapamycin (mTOR) negatively regulates ULK1/ULK2, causing the preinitiation complex 

and autophagy to be inhibited in nutrient-replete conditions, but activated acutely when 

mTORC1 is inhibited, such as occurs following amino acid depletion. Following activation, 

ULK1/ULK2 phosphorylates Beclin1 (encoded by BECN1/ATG6) promoting its association 

with and activation of Vacuolar Protein Sorting 34 (VPS34), a class III PI3K that is part of 

the initiation complex with VPS15 and ATG14L (Russell et al., 2013). The ULK1 

preinitiation complex also plays a role in delivering additional membrane to growing 

phagophores by controlling the trafficking of transmembrane protein ATG9 through the 

Golgi and endosomes. Beclin1 activity as part of the initiation complex is also controlled 

through its interaction with B Cell Lymphoma-2 (Bcl-2) in response to stress, such that 

phosphorylation of Bcl-2 by stress kinase cJun-kinase 1 (JNK1) induces dissociation of 

Bcl-2 from Beclin1 and activation of autophagy (Pattingre et al., 2005; Wei et al., 2008). The 

Beclin1 interactome also includes Autophagy and Beclin1 regulator-1 (Ambra1), UV 
radiation resistance associated gene (UVRAG), Rubicon and other proteins and represents a 

second major node for signal integration into autophagy activation or repression, particularly 
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in response to Protein kinase B (AKT) and Epidermal Growth Factor Receptor (EGFR) 

signaling (Fig. 1B) (Kroemer et al., 2010; Wei et al., 2013).

Activation of the VPS34 lipid kinase increases phospho-inositol-3-phosphate (PIP3) 

production that results in recruitment of PIP3-binding proteins Double-FYVE-containing 

protein 1 (DFCP1) and WD repeat domain, phosphoinositide interacting protein 2 (WIPI2) 

that in turn recruit the ATG5-ATG12/ATG16L conjugation complex (Fig. 1C) (Carlsson and 

Simonsen, 2015; Mizushima and Komatsu, 2011). ATG7 and ATG10 promote covalent 

conjugation of ATG5 to ATG12 and this ATG12-ATG5 conjugate then interacts with 

ATG16L, which promotes multimerization of ATG12-ATG5/ATG16L via homodimerization 

of ATG16L. The ATG5-ATG12/ATG16L complex is required for the conjugation of 

ubiquitin-like microtubule-associated protein 1 light chain 3 (encoded by MAP1LC3/ATG3 

and commonly known as LC3) and related GABA type A receptor-associated protein 
(GABARAP/L1/L2) molecules to phenylethanolamine (PE), a major membrane 

phospholipid in cells, to form LC3-II (Fig. 1C) (Carlsson and Simonsen, 2015, Mizushima 

and Komatsu, 2011). First, LC3 is cleaved by the redox-sensitive cysteine protease ATG4B 

to generate LC3-I, which is then activated by ATG7 and passed to ATG3 in the second major 

conjugation reaction. The ATG12-ATG5/ATG16L complex promotes the transfer of LC3-I 

from ATG3 to PE in the final step of the conjugation process. Levels of LC3-II at the 

growing phagophore determines the size of autophagosomes, promotes tethering of lipid 

bilayers, introduces membrane curvature, regulates closure of the phagophore and interacts 

with selective autophagy receptors.

Cellular content destined for degradation at the autophagosome, called “cargo” is targeted 

for degradation via cognate cargo receptors containing specific motifs known as LC3-
interacting regions (LIR) which promote their interaction with LC3/GABARAP at nascent 

phagophores (Fig. 1D) (Rogov et al., 2014; Weidberg et al., 2011). Notable cargo receptors 

include SQSTM1 (p62/Sqstm1), Optineurin (OPTN), Near BRCA1 (NBR1), Nuclear Dot 
Protein 52 (NDP52) and Tax1 Binding protein (TAX1BP1), which mediate bivalent 

interaction with LC3-II and with phosphorylated ubiquitin moieties on the cargo, including 

protein aggregates and organelles (Harper et al., 2018; Moscat et al., 2016).

Other cargo receptors are more restricted in the cargo they deliver to the autophagosome and 

are involved in selective autophagy, including mitophagy wherein mitochondria are 

selectively targeted for degradation (Drake et al., 2017), or ribophagy in which ribosomes 

are selectively turned over (An and Harper, 2018). Bcl-2 interacting protein 3 (BNIP3) and 

BNIP3-like (BNIP3L, or NIX as it is more commonly called to distinguish it clearly from 

BNIP3) are selective mitophagy receptors (Drake et al., 2017). Both BNIP3 and NIX 

integrate into the OMM via their carboxy-terminal transmembrane domains and interact 

with LC3-II via conserved LIR motifs at their amino-termini (Hanna et al., 2012; Macleod, 

in press; Schwarten et al., 2009) (Fig. 1E). Similarly, nuclear fragile X mental retardation-
interacting protein 1 (NUFIP1) is a selective ribophagy receptor that also contains a LIR 

motif to interact with LC3B-II and translocates from the nucleus to the autophagosome 

under nutrient stress to promote ribosome turnover (Wyant et al., 2018).
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Closure of the phagophore to form a mature autophagosome requires both the ATG12-

ATG5-ATG16L and LC3-II conjugates that promote elongation of the phagophore around 

the cargo (Tsuboyama et al., 2016). Depletion of either conjugate causes incomplete 

autophagosomes to accumulate and failure to degrade the inner autophagosomal membrane 

(Tsuboyama et al., 2016). There is evidence that GABARAP-II plays a more significant role 

in closure of the autophagosome than does LC3-II that is more important for elongation 

around the cargo, although both classes of LC3 were essential for autophagy in cells 

(Weidberg et al., 2010). Neither conjugate is required for autophagosome-lysosome fusion 

(Tsuboyama et al., 2016).

Fusion of the autophagosome with the lysosome requires autophagosome tethering to the 

lysosome and membrane fusion (Nakamura and Yoshimori, 2017; Yu et al., 2018). A key 

component of the tethering mechanism is the homotypic fusion and protein sorting (HOPS) 

complex that in conjunction with RAB7 and other small GTPases promotes tethering and 

fusion of the autophagosome with the lysosome (Yu et al., 2018). HOPS interacts with 

Syntaxin-17 (STX17), an autophagosomal soluble N-ethylmaleimide-sensitive factor 
attachment protein receptor (SNARE) protein that is essential for autophagosome-lysosomal 

fusion, such that expression of dominant negative STX17 caused mature autophagosomes to 

accumulate (Uematsu et al., 2017). STX17 translocates to the ER and mitochondria when 

phagophores are initiating, where it recruits ATG14L (Hamasaki et al., 2013). STX17 also 

concentrates at closed autophagosomes where ATG14L promotes the interaction of STX17 

with vesicle-associated membrane protein 8 (VAMP8), a v-SNARE protein at the lysosome 

(Diao et al., 2015) (Fig. 1F). Thus, STX17 and ATG14L play a role in both autophagosome 

biogenesis at early stages of the process but also in completion of autophagy (Nakamura and 

Yoshimori, 2017). Additional autophagosomal SNARE proteins, YKT6 for example, can 

also promote autophagosome-lysosome fusion independent of STX17 (Matsui et al., 2018). 

Fusion of the autophagosome with the lysosome results in the degradation of 

autophagosomal cargo mediated by lysosomal hydrolases resident in the lysosome, 

including cathepsins, sphingomyelinase, DNase, RNase, acid phosphatases and other 

enzymes active at acid pH (Settembre et al., 2013b). This in turn promotes recovery and 

recycling of amino acids, nucleotides and fatty acids derived from the degraded cargo, back 

to the cytosol for use in biosynthetic processes and metabolism that promote cancer cell 

growth (Davidson and Vander Heiden, 2017; Kimmelman and White, 2017) (Fig. 1G).

Various ATG proteins also function in a noncanonical fashion in the secretion of key 

cytokines and danger-associated molecular patterns (DAMPs) from cells, in what is known 

as secretory autophagy (Ponpuak et al., 2015). In addition, critical ATG proteins (ATG5, 

ATG7, VPS34 and others, but not the preinitiation complex) function in LC3-associated 
phagocytosis (LAP) to eliminate extra-cellular material, including dead cells and pathogens 

preventing autoimmunity and promoting antitumor T cell responses (Cunha et al., 2018; 

Heckmann and Green, 2019). A putative role in degrading the content of vesicles captured 

by the cell via macropinocytosis, entosis, endocytic trafficking and/or exosome production 

represent other likely noncanonical contributions of ATG proteins to cellular homeostasis 

(Florey and Overholtzer, 2019). As a result, care needs to be taken when interpreting data, 

involving deletion of specific ATG genes, that resulting phenotypes are not mistakenly 

attributed to macroautophagy per se without additional validation. Understanding the 
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biochemistry of ATG protein interaction and function and its relevance for cellular functions 

is an area of ongoing intense research interest.

2. Activation of autophagy by nutrient stress

Autophagy is active at low levels in most tissues where it performs a housekeeping role, 

particularly in the nervous system, liver, muscle and immune system, as evidenced by the 

tissue defects in mice inactivated for autophagy in those tissues (Hara et al., 2006; Karsli-

Uzunbas et al., 2014; Komatsu et al., 2005, 2006). Acute systemic inhibition of autophagy in 

the whole mouse caused neurodegeneration and susceptibility to infection, as well as fatal 

hypoglycemia, liver and muscle damage and reduced long term survival of otherwise healthy 

mice (Karsli-Uzunbas et al., 2014). Autophagy is particularly critical for cell survival in 

most tissues exposed to nutrient stressors, including deprivation of oxygen (hypoxia), amino 

acids and glucose, such as occurs in ischemic tumors (Galluzzi et al., 2014; Kimmelman and 

White, 2017; Perera et al., 2015). Autophagy also is important in the response to proteotoxic 

and ER stress (Wilkinson, 2019) and in response to mitochondrial depolarization and 

dysfunction (D’Amico et al., 2017; Drake et al., 2017). In the context of human cancer, a 

marked increase in autophagy is detected as tumors progress to becoming invasive and 

malignant (Mowers et al., 2017) and increased LC3B-II staining was associated with 

increased metastasis and poor prognosis in breast cancer and melanoma (Lazova et al., 2010, 

2012; Zhao et al., 2013). This role in promoting metastasis may be explained in part by the 

role of autophagy in promoting survival following matrix detachment that occurs during 

progression to invasive cancer (Avivar-Valderas et al., 2013; Fung et al., 2008). Autophagy is 

increased in these various settings promoting adaptation to the imposed stress and cellular 

survival. The mechanisms by which autophagy is regulated in cancer are discussed in more 

detail below.

2.1 Transcriptional control of autophagy in cancer

ATG genes are transcriptionally induced by the Activating transcription factor-4 (ATF4) 

transcription factor in response to amino acid deprivation, hypoxia and ER stress (Rzymski 

et al., 2009, 2010), by MiTF/TFE (Microphthalmia-associated transcription factor/

Transcription Factor E-box Binding) factors in response to mTOR inhibition (Perera et al., 

2015; Settembre et al., 2012) and by Forkhead Box (FoxO) transcription factors in stem 

cells, muscle atrophy and hepatic nutrient stress (Liu et al., 2009; Mammucari et al., 2007; 

Warr et al., 2013). Other stress-activated transcription factors induce specific cargo receptors 

or autophagy modulators. For example, hypoxia-inducible factor-1 (HIF-1) induces the 

mitophagy receptors BNIP3 and NIX in response to hypoxia (Bruick, 2000; Kasper et al., 

2005), while p53 activates expression of damage-regulated autophagy modulator (DRAM) 

in response to DNA damage (Crighton et al., 2006). Similarly, nuclear factor kappa B (NF-

kB) induces expression of the p62/Sqstm1 cargo receptor during inflammatory responses 

(Zhong et al., 2016b) while signal transducer and activator of transcription 3 (STAT3) can 

repress autophagy by recruiting histone deacetylase-3 (HDAC3) to the Beclin1 promoter to 

silence it (You et al., 2015). However, here we focus on discussion of transcription factors 

that play a central generic role in regulating autophagy, namely, ATF4, MiTF/TFE and FoxO 

transcription factors (Fig. 2).
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2.1.1 ATF4 induces autophagy during the integrated stress response—ATF4 

is a basic leucine zipper (bZIP) stress-responsive transcription factor that belongs to the 

CREB/ATF family of transcription factors that are able to homodimerize or heterodimerize 

to regulate gene expression (Rzymski et al., 2009; Wortel et al., 2017). ATF4 expression is 

stimulated in response to amino acid deprivation via General Control Nonderepressible-2 
(GCN2) and during ER stress and unfolded protein response (UPR) via protein kinase R-like 
ER kinase (PERK). GCN2 and PERK kinases both phosphorylate translation initiation 

factor eIF2α, resulting in general translational inhibition but selective translation of ATF4 

protein, which is derepressed due to suppression of upstream open reading frames (ORFs) 

(Harding et al., 2003). There is growing evidence that ATF4 is also activated in response to 

mitochondrial stress, including respiratory chain inhibition by metformin (Bao et al., 2016; 

Lee, 2015; Quiros et al., 2017) although the mechanistic basis of this activation is less clear. 

Once activated as part of this integrated stress response (IRS), ATF4 induces transcription of 

protein chaperones such as GRP78/BiP that promote protein refolding (Han et al., 2013; Luo 

et al., 2003); enzymes involved in amino acid biosynthesis and transport, including 

asparagine synthetase (ASNS), phosphoserine amino transferase-1 (PSAT1) and SLC6A9 

(Zhang et al., 2018); antioxidants, such as cystathionase (CTH) and heme oxygenase (HO1) 

(Dey et al., 2015); metabolic modulators, including fibroblast growth factor-21 (FGF21) and 

Sestrin-2 (De Sousa-Coelho et al., 2012; Gomez-Samano et al., 2017; Ye et al., 2015); and 

finally, in response to hypoxia, amino acid deprivation or matrix detachment, ATF4 induces 

expression of autophagy genes including LC3B, ULK1 and ATG5 (Pike et al., 2013; 

Rouschop et al., 2010; Rzymski et al., 2010). By activating expression of ATG genes, ATF4 

provides an important feedback mechanism wherein amino acid deprivation leads to 

increased protein catabolism and amino acid recycling, and tumor cell survival. ATF4-

mediated induction of autophagy genes in response to matrix detachment also protected 

tumor cells from anoikis and promoted lung metastasis in mouse models (Dey et al., 2015; 

Mowers et al., 2017). ATF4 also specifically induces Parkin suggesting that ATF4 may 

respond to mitochondrial stress and/or ER stress by inducing mitophagy (Bouman et al., 

2011).

Significantly, ATF4 protein levels are also regulated by proteasomal turnover through 

interaction with the Skp-Cullin-F box (SCF) ubiquitin ligase complex containing the beta-
transducin repeat containing (β-TrCP) E3Ub ligase that targets ATF4 for degradation in a 

phosphorylation dependent manner (Lassot et al., 2001). Consequently, treatment of tumor 

cells with the proteasomal inhibitor Bortezomib promotes ATF4 expression and autophagy, 

events which are reported to contribute to Bortezomib resistance in cancers (Milani et al., 

2009; Rzymski et al., 2009).

Curiously, ATF4 binding sites are over-represented in mTOR regulated genes and the ability 

of mTORC1 to promote purine biosynthesis for cell growth was shown to be dependent on 

ATF4 regulation of methylenetetrahydrofolate dehydrogenase-2 (MTHFD2), an enzyme in 

the mitochondrial tetrahydrofolate cycle (Ben-Sahra et al., 2016). However, this study did 

not address how mTORC1 induced ATF4 activity and other work has conversely suggested 

that ATF4 is phosphorylated by mTORC1 resulting in increased ATF4 turnover at the 

proteasome (Csibi et al., 2013). ATF4 is also induced downstream of KRas in nonsmall cell 
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lung cancer (NSCLC) via nuclear factor erythroid 2 like 2 (NRF2) and Protein Kinase B 
(AKT) to promote amino acid replenishment via induction of amino acid biosynthetic 

enzymes, including ASNS (Gwinn et al., 2018); the authors did not address a role for ATF4 

in promoting autophagy in this study.

2.1.2 TFEB and the CLEAR gene network promotes autophagy—MiTF/TFE are 

a related group of transcription factors (MiTF, TFEB, TFE3, TFEC) that regulate expression 

of genes involved in lysosomal biogenesis and function (Raben and Puertollano, 2016). They 

bind to a motif in the promoters of their target genes called a CLEAR (Coordinated 

Lysosomal Expression and Regulation) element. Interestingly, the CLEAR consensus 

binding motif (GTCACGTGAC) contains an E-box (CANNTG) raising the possibility that 

other E-box binding factors such as MYC and HIF may compete with TFE factors for 

binding to target gene promoters. TFEB was the first factor in the family to be identified and 

is considered the master regulator of the CLEAR gene network (Settembre et al., 2013b). 

TFEB promotes expression of numerous genes involved in autophagy (including ATG4B, 

ULK2, ATG14, LC3A and p62/Sqstm1), such that over-expression of TFEB promotes 

autophagosome numbers and rates of autophagosome fusion with the lysosome (Settembre 

et al., 2013b). TFEB is phosphorylated by mTOR and colocalizes with mTORC1 at the 

lysosome under nutrient-replete conditions (Roczniak-Ferguson et al., 2012; Settembre et 

al., 2012). Inactivation of mTORC1 or nutrient deprivation induces nuclear translocation of 

TFEB and expression of its target genes, thereby linking nuclear control of autophagy-

lysosomal gene expression to changes in nutrient availability (Roczniak-Ferguson et al., 

2012, Settembre et al., 2012).

Deregulation of MiT/TFE transcription factors has been determined in many tumor types, 

including human pancreatic ductal adenocarcinoma (PDAC), renal cell carcinoma (where 

TFE3 and TFEB are over-expressed due to translocation) and in melanoma where MiTF is 

upregulated (Garraway et al., 2005). There is tight nutrient control of MiT/TFE factors in 

untransformed cells but in PDAC, the nuclear translocation of MiT/TFE factors is no longer 

subject to mTORC1 inhibition due to upregulated expression of Importin-8 (Perera et al., 

2015). TFEB feeds back to control of the expression of RagD, a core component of the 

Ragulator that promotes recruitment of mTORC1 to the lysosome, such that tumor-

associated increases in expression of MiTF/TFE factors stimulates mTORC activity and 

tumor cell growth (Di Malta et al., 2017). The uncoupling of MiTF/TFE factors from control 

by mTOR in cancers, partly explains the conundrum of how tumors can maintain high rates 

of autophagy despite high mTOR activity that phosphorylates ULK1 to limit autophagy.

2.1.3 FoxO transcription factors promote tissue homeostasis and limit aging 
via autophagy—FoxO transcription factors are activated by metabolic and stress signaling 

and promote cellular homeostasis through control of genes involved in cell cycle, apoptosis, 

antioxidant responses, the ubiquitin-proteasome system and importantly, autophagy (Salih 

and Brunet, 2008; Webb and Brunet, 2014). As a result, FoxOs have been linked to longevity 

and reduced aging (Lapierre et al., 2015). There are four isoforms of FoxOs in mammals, 

FoxO1, FoxO3, FoxO4 and FoxO6 that are phosphorylated by AKT in response to insulin 

and growth factor signaling resulting in their nuclear export and repression of their 
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transcriptional activity. Conversely, when cells are deprived of growth factors, FoxOs 

translocate to the nucleus and activate expression of genes involved in promoting cellular 

homeostasis. In addition to their regulation by AKT, FoxOs are regulated by JNK, AMPK 

and other stress-induced kinases (Greer et al., 2007; Webb and Brunet, 2014). FoxOs are 

also stimulated by NAD+-dependent deacetylation by nuclear Sirtuins, rendering FoxOs 

sensitive to NAD+/NADH balance and the redox state of the cell (Salih and Brunet, 2008, 

Webb and Brunet, 2014).

FoxO3 was first shown to induce the autophagy genes LC3B, GABARAPL1, ULK2, 

ATG12, Beclin/ATG6 and ATG4B, as well as the mitophagy receptor BNIP3, in skeletal 

muscle undergoing atrophy in response to starvation or denervation (Mammucari et al., 

2007). FoxOs are also implicated in promoting lipophagy in the liver via induction of 

ATG14 (Xiong et al., 2012) and in neurons following JNK inactivation (Xu et al., 2011). 

They also drive autophagy in neural stems cells in response to oxidative stress responses to 

promote neurogenesis (Vazquez et al., 2012; Wang et al., 2013) and FoxO3A-induced 

autophagy survival programs are required for hematopoietic stem cell maintenance (Warr et 

al., 2013).

Multiple feedback pathways coordinate to control FoxO activity and autophagy. For 

example, FoxO3 inhibits autophagy by repressing transcription of FoxO1 (Zhu et al., 2014). 

Also, AKT both inhibits FoxO-dependent autophagy at a transcriptional level and inhibits 

autophagy via phosphorylation of Beclin1 which then inhibits the initiation complex (Wang 

et al., 2012). Under oxidative stress, FoxO1 dissociates from Sirtuins causing acetylated 

FoxO1 to accumulate in the cytoplasm where it binds to ATG7 to promote ATG12-ATG5 

conjugation and autophagic flux (Zhao et al., 2010). As a result of being sequestered in the 

cytosol, FoxO1 is not active in promoting autophagy at a transcriptional level resulting in a 

self-limiting induction of autophagy. More recently, studies have shown FoxO3A turnover 

by autophagy in the cytoplasm (Fitzwalter et al., 2018). When autophagy was inhibited 

using chloroquine, FoxO3a accumulation in tumor cells lead to increased expression of the 

proapoptotic FoxO target gene, Puma which caused programmed cell death (Fitzwalter et al., 

2018). FoxO3A-dependent induction of Puma was required to promote synergistic tumor 

cell killing by genotoxic agents, including doxorubicin and etoposide, in combination with 

chloroquine (Fitzwalter et al., 2018).

2.2 Energy sensing and posttranslational control of autophagy

AMPK and mTOR are two major growth regulatory kinases in the cell that oppose each 

others’ activities with respect to autophagy induction (Galluzzi et al., 2014). Their activity is 

frequently deregulated in cancer, for example, loss of the Liver Kinase B1 (LKB1) tumor 

suppressor results in reduced AMPK activity (Herzig and Shaw, 2018), and loss of the 

phosphatase and tensin homolog (PTEN) tumor suppressor results in elevated mTOR 

activity (Mossmann et al., 2018). Other regulators influence rates of autophagy, such as 

eIF2α, Sirtuins and acetyl transferases. But in most instances, their effect is indirect and 

mediated via either the transcriptional regulators detailed above, or via AMPK or mTOR 

(Fig. 3) (Galluzzi et al., 2014).
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2.2.1 AMPK promotes autophagy—AMPK is a trimeric complex with a catalytic α-

subunit and two regulatory subunits, β and γ that are modulated by glycogen and AMP, 

respectively, to activate the α-subunit (Herzig and Shaw, 2018). There is a critical threonine 

residue at T172 within the catalytic loop of AMPK’s α-subunit that is phosphorylated by 

upstream kinases, including the LKB1 tumor suppressor.Binding of the γ-subunit to AMP 

promotes phosphorylation of the α-subunit at T172 as a result of increased binding by 

LKB-1 and/or reduced dephosphorylation of T172 (Herzig and Shaw, 2018). Regulation of 

AMPK activity by AMP renders the kinase sensitive to cellular ATP and energy levels such 

that it becomes activated when ATP is hydrolyzed down to ADP and then AMP. In response 

to sensing low ATP levels, AMPK functions to limit anabolic activities in the cell that 

consume ATP, such as protein synthesis, lipid synthesis, glycogen synthesis and storage. 

Conversely, it promotes catabolic processes that generate ATP, including fatty acid 

oxidation, glycolysis and autophagy (Herzig and Shaw, 2018).

The initial determination that AMPK promotes autophagy came from data showing direct 

phosphorylation of ULK1 on four separate sites by AMPK resulting in increased ULK1-

containing preinitiation complex activity and increased autophagy (Egan et al., 2011, Kim et 

al., 2011). In addition, AMPK has been proposed to control the assembly and activity of the 

initiation complex by phosphorylating Beclin1 on S91/S94 to promote its interaction with 

VPS34 in a manner stimulated by ATG14L (Kim et al., 2013; Russell et al., 2014).

Another key AMPK substrate that contributes to autophagy induction is Raptor, a critical 

subunit of mTORC1. Phosphorylation of Raptor on S722 and S792 by AMPK has been 

shown to inhibit mTORC1 activity (Gwinn et al., 2008). The Tuberous schlerosis-2 (TSC2) 

tumor suppressor is a key upstream negative regulator of mTOR. TSC2 is an AMPK 

substrate that when phosphorylated on S1227 and S1345 by AMPK causes mTOR inhibition 

(Inoki et al., 2003). AMPK also promotes autophagy by activating FoxO3 (Greer et al., 

2007; Webb and Brunet, 2014) and by indirectly stimulating TFEB (via mTOR inhibition) 

(Herzig and Shaw, 2018) with both FoxO3 and TFEB inducing autophagy gene expression, 

as discussed above. Recently, AMPK regulation of TFE3-induced lysosomal gene 

expression was shown to be critical for growth of KRas activated/p53-mutant lung cancers in 

mice (Eichner et al., 2019).

In addition to its role in promoting general autophagy, AMPK has been implicated in 

promoting mitophagy via phosphorylation of fission, mitochondrial 1 (FIS1) and 

mitochondrial fission factor (MFF) (Pei et al., 2018; Toyama et al., 2016). FIS1 and MFF are 

both mitochondrial receptors for the mitochondrial fission GTPase, dynamin-related 
protein-1 (DRP1) and mitochondrial fission is required for mitophagy under certain 

circumstances (Gomes et al., 2011; Rambold et al., 2011). Interestingly, FIS1 is also 

required for PINK1 recruitment to mitochondria in leukemia stem cells (LSCs) to activate 

mitophagy in response to leukemia therapy (Pei et al., 2018). In addition, FIS1 interacts 

directly with STX17 to regulate STX17 and ATG14L recruitment to mitochondria during 

mitophagy, perhaps suggesting a role for FIS1 in mitophagy that is separate from its role in 

fission (Xian et al., 2019). Finally, AMPK was activated during mitophagy induced 

following extended mitotic arrest where AMPK phosphorylated the glycolysis regulator 

PFKFB3 to promote glycolysis and survival (Domenech et al., 2015). These more recent 
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findings suggest that AMPK has additional functions in selective autophagy, particularly 

mitophagy, in addition to its role in general autophagy.

2.2.2 mTOR inhibits autophagy—Like AMPK, mTOR is also a master regulator of 

cell growth and metabolism in response to nutrient availability but where AMPK is the 

“brake” under nutrient deprivation, mTOR is the “accelerator/gas” under nutrient-replete 

conditions (Fig. 3) (Mossmann et al., 2018). Thus, in opposition to AMPK, mTOR promotes 

anabolic processes such as ribosome biogenesis and synthesis of protein, nucleotide and 

lipid (Saxton and Sabatini, 2017). Conversely, mTOR inhibits catabolic processes, including 

autophagy (Mossmann et al., 2018). mTOR is regulated in response to growth factor and 

nutrient availability and is particularly sensitive to levels of key amino acids, such as leucine 

and arginine (Saxton and Sabatini, 2017). Amino acid deprivation prevents mTOR activation 

at the lysosome by the Ragulator, a heteromeric complex of Rag GTPases that recruit mTOR 

to the lysosome to be activated by Rheb GTPase (Wolfson et al., 2016; Zoncu et al., 2011). 

Rheb is negatively regulated by the TSC1–TSC2 complex which acts as a GTPase-activating 

protein (GAP) for Rheb (Mossmann et al., 2018). TSC2 is a major signal integration point in 

the mTOR signaling pathway with growth factor receptor activity inhibiting TSC1–TSC2 

complex formation via phosphorylation of TSC2 by AKT, and conversely, hypoxia 

inhibiting mTOR via induction of REDD1 which promotes TSC1–TSC2 complex formation 

and activity (Mossmann et al., 2018; Saxton and Sabatini, 2017).

mTOR represses autophagy in various ways, including via inhibition of TFEB and FoxOs 

that promote transcription of autophagy genes (Mossmann et al., 2018; Saxton and Sabatini, 

2017; Webb and Brunet, 2014), as discussed above. Interestingly, ATF4 which is activated 

by amino acid deprivation, induces autophagy genes but also feeds back to suppress mTOR 

via induction of Sestrin-2 that represses mTOR in the absence of leucine (Saxton and 

Sabatini, 2017; Ye et al., 2015). In addition to these effects of mTOR on transcriptional 

control of autophagy, mTOR directly inhibits autophagy via phosphorylation of key 

autophagy proteins, including ULK1 and ATG13L of the preinitiation complex, and 

ATG14L in VPS34-containing initiation complexes (Yuan et al., 2013). mTOR directly 

phosphorylates ULK1 on S637 and S757 to inhibit its activity while mTOR inhibition 

activates ULK1 that undergoes autophosphorylation to become active (Kim et al., 2011; 

Shang et al., 2011). Recently, amino acid deprivation and mTOR inhibition has been shown 

to lead to enhanced ribophagy—the selective turnover of ribosomes that serves to supply the 

cell with both amino acids from ribosomal proteins and ribonucleotides from ribosomal 

RNA (Wyant et al., 2018).

Autophagy is required for tumor progression and metastasis and is upregulated as tumors 

progress to becoming invasive (Lazova et al., 2012; Mowers et al., 2017; Zhao et al., 2013). 

Malignant tumors also rely on high mTOR activity, which presents a conundrum in 

understanding how tumors maintain high rates of autophagy despite high mTOR activity. 

One explanation is that protein phosphatase 2A (PP2A), that is hyper-activated in tumor 

cells compared to normal cells, dephosphorylates phospho-S637 to maintain ULK1 activity 

in tumor cells despite high mTORC1 activity (Wong et al., 2015). Additionally, both TFEB 

and MiTF escape inhibition by mTOR in cancers to upregulate autophagy gene expression 

(Perera et al., 2015), as discussed above.
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3. Functions of autophagy in cancer metabolism—An overview

Tumors evolve in increasingly difficult nutrient conditions as they grow and become 

ischemic (Gatenby and Gillies, 2008). They adapt and survive these conditions by rewiring 

their metabolism (Deberardinis et al., 2008), upregulating nutrient transporters (Zhang et al., 

2018), finding new ways to capture food from the microenvironment, such as via 

macropinocytosis (Commisso et al., 2013) and by activating autophagy (Galluzzi et al., 

2014; Kimmelman and White, 2017). What follows is a synthesis of how autophagy 

promotes recycling and cellular balance of three key classes of metabolites: nucleotides, 

amino acids and lipids, and how this equilibrium may be disrupted in cancer.

3.1 Autophagy and nucleotide homeostasis

Early work to understand the role of autophagy in cancer concluded that autophagy was 

tumor suppressive by inhibiting DNA damage downstream of a nucleotide deficit (Karantza-

Wadsworth et al., 2007; Mathew et al., 2007). By recycling nucleotides through targeted 

degradation of mitochondria, pathogens and nuclei (that all have a degradable DNA 

genome), autophagy prevented replication fork stalling and DNA base-pairing mismatch, 

and indeed, inhibition of autophagy causes DNA damage and genome instability (Karantza-

Wadsworth et al., 2007). Recent work has suggested that autophagy prevents genome 

instability by eliminating cells via autophagic cell death as they go through replicative crisis 

and that inhibition of autophagy resulted in accumulation of cells with end-to-end joined 

chromosomes arising from telomere attrition (Nassour et al., 2019). Nevertheless, rapidly 

dividing tumor cells do have a high nucleotide demand and autophagy plays a critical role in 

promoting tumor growth by satisfying this demand (Guo et al., 2016). Autophagy dependent 

ribosomal RNA degradation is essential for maintaining nucleotide homeostasis during 

worm development (Liu et al., 2018) and recent work in mammalian systems has identified a 

role for ribophagy in cellular recovery of ribonucleotides from rRNA following mTOR 

suppression (Wyant et al., 2018). Another major source of nucleotides is mitochondrial DNA 

(mtDNA) that is turned over by mitophagy (Drake et al., 2017). Mitophagy limits activation 

of the inflammasome and the GAS-STING pathway, both of which are activated by the 

release of oxidized mtDNA from damaged mitochondria to the cytosol (Chen et al., 2016; 

Vanpouille-Box et al., 2018; Zhou et al., 2011). By turning over mitochondria with multiple 

copy genomes, mitophagy likely contributes significantly to autophagic nucleotide recovery. 

Interestingly, autophagy plays an important role in maintaining a balance between the 

synthetic and degradative roles of PolG (the mitochondrial DNA polymerase/nuclease) 

(Medeiros et al., 2018). Following prolonged starvation, the 3′–5′ exonuclease activity of 

PolG dominates over its polymerase activity as a result of nucleotide insufficiency in the 

absence of functional autophagy, causing irreversible defects in respiration and emphasizing 

the importance of autophagy in maintaining mitochondrial function.

3.2 Amino acid recycling via autophagy

Amino acid deprivation potently induces autophagy and in response, autophagy acts to 

recycle amino acids through lysosomal degradation of cellular proteins thereby restoring 

amino acid levels (Perera et al., 2015; Wyant et al., 2017). Induction of autophagy by TFEB 

was required to maintain amino acid pools and tumorigenicity in pancreatic cancer (Perera et 
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al., 2015). The recycling of leucine produced at the lysosome via autophagy relies on the 

SLC38A9 lysosomal amino acid transporter to replenish cytosolic leucine levels and to 

activate mTOR (Wyant et al., 2017). Thus amino acids produced by autophagy activate 

mTOR which in turn represses autophagy consistent with a negative feedback loop between 

autophagy and mTOR activity (Nicklin et al., 2009). When autophagy is defective, cells 

increase uptake of amino acids from their environment in part by upregulating expression of 

key amino acid transporters (AATs), including SLC6A9, SLC7A1, SLC7A5 and others 

(Chen et al., 2014; Zhang et al., 2018). Elevated AAT expression also correlated with low 

autophagy levels in vivo in primary colorectal cancers (Zhang et al., 2018). Many of these 

AATs were shown to be ATF4 transcriptional targets and upregulated in response to fasting 

signals particularly when autophagy was inhibited (Zhang et al., 2018) and inhibition of 

amino acid uptake caused death of autophagy-deficient tumor cells and limited tumor 

growth in response to glutamine deprivation (Zhang et al., 2018).

Apart from containing approximately 80% of cellular ribonucleotides, ribosomes also 

contain about half of all cellular amino acids (Wyant et al., 2018), and are particularly rich in 

the basic amino acids, arginine, lysine and histidine. In response to starvation, ribophagy is 

activated and ribosomes are turned over to provide amino acids and nucleosides (An and 

Harper, 2018; Wyant et al., 2018). Specifically, the nuclear protein NUFIP1 translocates to 

autophagosomes when cells are starved, where it interacts with LC3 and with small 

nucleolar ribonucleoproteins at the ribosome (Wyant et al., 2018). NUFIP1 has a LIR motif 

that promotes its interaction with LC3 and is required for delivering ribosomes to the 

lysosome for degradation (Wyant et al., 2018). NUFIP1 and ribophagy are required for cell 

survival under starvation conditions (Wyant et al., 2018). Interestingly, arginine is a key 

regulator of mTOR and thus ribophagy likely plays a important role in maintaining mTOR 

activity. Conversely, mTOR appears to inhibit ribophagy since inhibition of mTOR with 

Torin promoted translocation of NUFIP1 out of the nucleus to the autophagosome-lysosome 

(Wyant et al., 2018).

Another source of amino acids in the cell is the ubiquitin proteasome system (UPS) and 

there is clearly cross-talk between the UPS and autophagy. This is supported by evidence 

that UPS inhibition can activate autophagy via the ISR and UPR, while inhibition of 

autophagy causes p62/Sqstm1 to accumulate which can act as a sink for ubiquitin resulting 

in UPS inhibition (Korolchuk et al., 2010). Interestingly, FoxO transcription factors induce 

expression of UPS components, including various E3 Ub ligases, in addition to its activation 

of autophagy gene expression (Webb and Brunet, 2014). What is not clear is to what extent 

the UPS can compensate for autophagy deficiency. The UPS plays an important role in 

cancer with key cell cycle regulators, including cyclins, CDK inhibitors, turned over by the 

UPS and expression of various UPS components, such as Cul1 and Cks2, induced by the 

MYC oncogene (Bassermann et al., 2014). The use of the proteasome inhibitor, Bortezomib 

has been effective in the treatment of multiple myeloma and various types of lymphoma 

(Bassermann et al., 2014). If the proteasome can compensate for autophagy or vice versa, 

does this suggest that the combined use of autophagy inhibitors, such as chloroquine with 

Bortezomib might be more effective? Are MYC-driven tumors less reliant on autophagy 

than say RAS-driven tumors due to higher proteasome activity? These are all avenues for 

future investigation.
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Finally, recent work has highlighted the role of autophagy in the tumor microenvironment in 

providing amino acids for growing tumor cells (Katheder et al., 2017; Sousa et al., 2016) 

and autophagy active in distant tissues, such as the liver appears to play important roles in 

maintaining circulating levels of key amino acids that sustain tumor growth (Poillet-Perez et 

al., 2018). This is discussed in more detail below but highlights the general importance of 

autophagy as a source of amino acids needed for cancer growth.

3.3 Autophagy in control of lipid metabolism

Lipophagy is a selective form of autophagy in which lipid droplets are turned over to 

generate free fatty acids used to generate ATP via β-oxidation (Singh and Cuervo, 2011; 

Singh et al., 2009). Lipophagy is induced in the liver by fasting or by high lipid loading of 

hepatocytes and LC3 localizes to lipid droplets during lipophagy (Singh et al., 2009). 

Inhibition of autophagy in the liver caused lipid droplets to accumulate and mice lacking 

ATG5, ATG7, ATG14 or VPS34 exhibit hepatic steatosis (Jaber et al., 2012; Singh et al., 

2009; Xiong et al., 2012; Yang et al., 2010). Interestingly, liver-specific knockout of the 

transcriptional regulator Tfeb also caused lipid droplets to accumulate (Settembre et al., 

2013a) and rescue of this defect by over-expressing Tfeb relied on functional autophagy 

(Settembre et al., 2013a). Tfeb likely plays multiple roles in lipid metabolism since loss of 

Tfeb also limited expression of PGC-1α and PPARα that regulate expression of genes 

involved in β-oxidation of fatty acids (Settembre et al., 2013a). FoxOs similarly coregulate 

lipophagy and fatty acid oxidation via direct interaction with PGC-1α and PPARα (Barthel 

et al., 2005).

In addition to its role inhibiting autophagy, mTOR promotes lipid synthesis (Thelen and 

Zoncu, 2017) and liver-specific inactivation of mTORC1 inhibits hepatic steatosis in mice 

on a high fat diet (Peterson et al., 2011). This ability of mTOR to promote lipogenesis is 

dependent on its activation of the SREBP1 transcription factor which induces expression of 

numerous lipid synthesis genes, including fatty acid synthase (Shao and Espenshade, 2012). 

It has been proposed that mTOR stimulates SREBP1 by phosphorylating and inhibiting 

Lipin-1, a phosphatidic acid phosphatase that regulates triglyceride synthesis (Peterson et 

al., 2011) but further work is required to fully appreciate the significance of this mechanism 

in vivo. Lipin-1 mutation causes dysfunctional mitochondria to accumulate in muscle where 

Lipin-1 is required for BNIP3-dependent mitophagy (Alshudukhi et al., 2018). Loss of 

BNIP3 also causes hepatic steatosis (Glick et al., 2012) but it is not clear whether the role of 

Lipin-1 in BNIP3-dependent mitophagy contributes to control of lipogenesis by mTOR in 

the liver.

In addition to direct turnover of lipid droplets, recent work has identified a role for 

autophagy in the turnover of NCoR1, nuclear receptor corepressor that inhibits PPARα, a 

key transcriptional regulator of fatty acid oxidation genes (Iershov et al., 2019; Saito et al., 

2019), as well as autophagy genes, including LC3B, ATG7, ATG12, GABARAP and BNIP3 

(Lee et al., 2014). NCoR1 interacts directly with GABARAP and is turned over by 

autophagy under fasted conditions. As a result, autophagy inhibition as a result of Atg5 or 

Atg7 knockout causes NCoR1 to accumulate and PPARα to be inhibited, resulting in 

impaired lipid oxidation (Saito et al., 2019). Similar findings were reported when Vps15 was 
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knocked out in the liver (Iershov et al., 2019). Here, autophagy inhibition caused defective 

mitochondrial function and reduced fatty acid oxidation. This was associated with 

accumulation of both NCoR1 and HDAC3, also an inhibitor of PPARα (Iershov et al., 

2019). PPARα activation or HDAC3 inhibition rescued both mitochondrial mass and fatty 

acid oxidation (Iershov et al., 2019).

In Ras-driven lung cancers, autophagy is required to maintain mitochondrial function and 

fatty acid oxidation but lipid accumulation in this model appeared to be dependent on loss of 

p53 (Guo et al., 2013) suggesting that p53 induction somehow compensates for the fatty acid 

oxidation defect. Autophagy was particularly critical for lung tumor growth driven by KRas 

activation combined with Lkb1 loss, where autophagy was required to maintain levels of 

free fatty acids and autophagy deficient tumor cells relied more on fatty acid oxidation than 

wild-type tumors (Bhatt et al., 2019). These findings suggest that Lkb1 deleted lung tumors 

may be effectively treated with inhibitors of fatty acid oxidation and/or autophagy inhibitors.

4. Autophagy versus mitophagy in cancer

Many of the genetically engineered mouse models used to study the role of autophagy in 

cancer have highlighted the role of autophagy in maintaining proper mitochondrial function 

(Guo et al., 2011, 2013, 2016; Rosenfeldt et al., 2013; Strohecker et al., 2013). Indeed, 

autophagy defects caused lung tumors to arrest in progression to become benign 

oncocytomas which are characterized by large cytoplasmic volume and high mitochondrial 

mass (Guo et al., 2013; Joshi et al., 2015). However, general autophagy contributes to 

tumorigenesis as a result of its role in amino acid recycling (Perera et al., 2015), and cell-cell 

interactions in the tumor microenvironment (Katheder et al., 2017, Sousa et al., 2016), 

among other pleiotropic effects of general autophagy on cellular homeostasis. To what 

extent mitophagy contributes to tumorigenesis more specifically has been partly addressed 

through analysis of the phenotypes in mice deleted for Parkin or PINK1 or for the BNIP3 

and NIX mitophagy receptors (Drake et al., 2017).

Parkin and PINK1 are encoded by the genetic loci PARK2 and PARK6 respectively that are 

mutated in human Parkinson’s disease (PD) (Pickrell and Youle, 2015). Parkin and PINK1 

function synergistically to eliminate depolarized mitochondria from the cell in a mechanism 

that relies on stabilization of PINK1 at the OMM when mitochondrial membrane potential is 

lost (Sekine and Youle, 2018). PINK1 is a ubiquitin kinase that phosphorylates key 

ubiquitinated substrates, including the Parkin E3 ubiquitin ligase (Harper et al., 2018). As a 

result of phosphorylation by PINK1, Parkin accumulates at the OMM where it ubiquitinates 

other substrates that are further phosphorylated by PINK1, including VDAC1, MFN2 and 

others (Harper et al., 2018). Ubiquitinated substrates at the OMM interact with cargo 

receptors, including OPTN, p62/Sqstm1, NDP52 and others, that bind to LC3B-II thereby 

targeting depolarized mitochondria for degradation (Harper et al., 2018; Lazarou et al., 

2015). Parkin-null mice are susceptible to spontaneous hepatocellular carcinoma and 

sensitized to irradiation-induced lymphomagenesis (Fujiwara et al., 2008; Zhang et al., 

2011) and loss of either Parkin or Pink1 promotes KRas-driven pancreatic ductal 

adenocarcinoma (PDAC) (Li et al., 2018). In human cancers, PARK2 maps to a common 

fragile site at chromosome 6q25–q26 that is frequently deleted in bladder, breast, lung and 
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ovarian cancers (Cesari et al., 2003) while PARK2 mutations are linked to glioblastoma, 

colon cancer and lung cancer (Veeriah et al., 2010). PARK6 (PINK1) expression is 

downregulated in ovarian cancer and glioblastoma, and occasionally mutated in 

neuroblastoma (Agnihotri et al., 2016). Thus, in contrast to inhibition of general autophagy, 

mitophagy inhibition via Parkin or PINK1 disruption appears to be promote tumorigenesis. 

This supports a tumor suppressor function for mitophagy that is distinct from the tumor-

promoting activities of general autophagy.

Similarly, epigenetic silencing of the BNIP3 mitophagy receptor in human cancers and 

knockout of BNIP3 in mouse models of cancer, indicates that BNIP3-dependent mitophagy 

is also tumor suppressive (Chourasia et al., 2015a,b). BNIP3 is a transcriptional target of 

HIF-1, FoxO3A and PPARα and thus is induced in response to hypoxia, nutrient deprivation 

and oxidative stress (Bruick, 2000; Lee et al., 2014; Mammucari et al., 2007). NIX (or 

BNIP3L) is also a HIF1 target and both BNIP3 and NIX appear to function analogously to 

promote mitophagy through interaction with LC3B-II/GABARAP via a conserved LIR 

motif in their amino termini (Hanna et al., 2012; Novak et al., 2010; Schwarten et al., 2009). 

By promoting mitophagy, it has been suggested that NIX promotes a switch to glycolytic 

metabolism (Esteban-Martinez et al., 2017) and this has recently been linked to a 

protumorigenic role for NIX in PDAC (Humpton et al., 2019) although previous studies also 

indicated a tumor suppressive function for NIX (Fei et al., 2005). Of note, BNIP3 and NIX 

are both regulated by p53 but while NIX is induced by p53 (Fei et al., 2005), BNIP3 is 

repressed by p53 (Feng et al., 2011). During development, BNIP3 and NIX are expressed in 

different tissues to differing extents with BNIP3 playing an important role in mitophagy in 

liver and muscle (Glick et al., 2012; Mammucari et al., 2007), while NIX is critical for 

mitophagy during erythroid differentiation (Sandoval et al., 2008; Schweers et al., 2007). It 

is possible that BNIP3 and NIX function distinctly in tumorigenesis due to differences in the 

timing and/or tissue-specificity of their expression, or it is also possible that BNIP3 or NIX 

possess additional nonmitophagy functions that cause them to contribute differentially to 

tumorigenesis. These are areas of ongoing research that will hopefully clarify whether 

mitophagy is a relevant target for cancer treatment, or not.

5. Autophagy in the tumor microenvironment

Cancer cells coevolve with their microenvironment and the role of autophagy in determining 

how tumor cells interact with each other and with other cell types in the tumor 

microenvironment (TME) is an area of intense interest (Levy et al., 2017). These 

interactions have come strongly into focus with the realization that autophagy in the TME 

generates metabolites for neighboring tumor cells (Karsli-Uzunbas et al., 2014; Katheder et 

al., 2017; Sousa et al., 2016; Yang et al., 2018), and indeed that autophagy at distant normal 

tissues, such as the liver, can also influence cancer cell metabolism remotely (Poillet-Perez 

et al., 2018).

5.1 Autophagy and antitumor immunity

Autophagy is required for the proper function of cells of the immune system (Jia et al., 

2011; Pua et al., 2009; Puleston et al., 2014; Xu et al., 2014). Autophagy inhibition results in 
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loss of T cell function due to, for example, reduced survival of memory T cells (Jia et al., 

2011; Pua et al., 2009). Autophagy also modulates how immune cells interact with tumor 

cells to either promote or inhibit tumorigenesis (Ma et al., 2013; Wei et al., 2016; Zhong et 

al., 2016a) and since inhibiting autophagy is being promoted as an antitumor therapeutic 

strategy, it is important to know how autophagy inhibition affects tumor immune 

surveillance (Galluzzi et al., 2017b). Release of damage-associated molecular patterns 

(DAMPs) and ATP from dying tumor cells is dependent on autophagy and required to recruit 

CD8+ cytotoxic T lymphocytes (CTLs) to the tumor (Ladoire et al., 2016; Michaud et al., 

2011). Autophagy also stimulates tumor-antigen production and trafficking through the 

lysosome for cross-presentation on dendritic cells that promotes tumor immune surveillance 

(Ladoire et al., 2016). Similarly, functional autophagy in the tumor suppressed infiltration of 

tumor-promoting FoxP3+ T-regulatory cells in a mouse model of lung cancer (Rao et al., 

2014). These studies would argue that autophagy inhibition could have negative outcomes in 

cancer treatment (Galluzzi et al., 2017b).

However, a recent study suggested that autophagy inhibition with chloroquine does not 

adversely affect antitumor T cell function significantly in immunocompetent orthotopic 

models of breast cancer and melanoma (Starobinets et al., 2016). Indeed some studies 

suggest that in contrast to its role in the tumor, that autophagy may limit antitumor responses 

in the immune system (Noman et al., 2011; Wei et al., 2011), making it an ideal clinical 

target. For example, autophagy deficiency in FoxP3+ Tregs caused loss of viability and 

reduced the ability of Tregs to suppress antitumor immune responses (Wei et al., 2016). 

Furthermore, loss of autophagy in CD8+ T cells was recently reported to impair the growth 

of syngeneic mammary tumors as a result of increased reliance of T cells on glucose 

metabolism and associated changes in gene expression arising from wholesale genomic re-

programming (DeVorkin et al., 2019). The context-dependent roles of autophagy in the 

immune response to tumors may be due to secretory autophagy or LAP in tumorigenesis, as 

opposed to macroautophagy itself. As discussed above, LAP has potent antitumor effects 

and it is not clear at this time to what extent effects of ATG5 or ATG7 deletion (or deletion 

of other autophagy genes common to both LAP and macroautophagy) are being mediated by 

LAP versus autophagy proper.

5.2 Autophagy in tumor-associated macrophages

Autophagy is required for macrophage polarization, including via NIX-dependent 

mitophagy promoting a glycolytic switch (Esteban-Martinez et al., 2017). In the tumor 

microenvironment, macrophages polarized to a M2 phenotype are recognized to play a 

protumorigenic role through secretion of promigratory cytokines, growth factors like EGF 

and vascular endothelial growth factor (VEGF), production of matrix metalloproteinases 

(MMPs) and inhibition of antitumor T cells responses (Qian and Pollard, 2010). A recent 

study identified a novel role for autophagy in suppressing the antitumor activity of 

macrophages in a mouse model of PDAC (Yang et al., 2018). Inhibiting autophagy through 

inducible expression of a dominant negative Atg4B allele (Atg4BCA) decreased tumor 

growth and induced tumor regression of already formed tumors in an autochthonous model 

of PDAC (Yang et al., 2018). This was associated with macrophage accumulation in tumors, 

and depletion of macrophages blocked tumor regression induced by autophagy inhibition, 
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without altering tumor cell growth. When autophagy was similarly inhibited in an orthotopic 

transplant model using primary tumor cells from the same autochthonous model, tumor 

growth was effectively slowed but macrophage accumulation in the tumor and tumor 

regression was not observed (Yang et al., 2018). These findings suggest that autophagy plays 

a cell-intrinsic role in tumor cells promoting tumor growth and a noncell autonomous role in 

macrophages suppressing tumor growth (Yang et al., 2018).

5.3 Autophagy in cancer-associated fibroblasts

Carcinoma-associated fibroblasts (CAFs) are a major component of the tumor 

microenvironment that promote both tumor initiation and progression to carcinoma 

(Bhowmick et al., 2004; Kalluri, 2006). Pancreatic stellate cells (PSCs) are a specialized 

type of CAF that constitute a significant component of the tumor microenvironment in 

PDAC. Autophagy is upregulated in PSCs cocultured with pancreatic tumor cells but not 

when they are grown with normal ductal epithelia (Sousa et al., 2016). Autophagy-

dependent protein catabolism in PSCs fueled metabolism in adjacent PDAC tumor cells as 

alanine generated in PSCs fed into the TCA cycle, oxygen consumption and lipid synthesis 

in associated tumor cells (Sousa et al., 2016). Increased alanine uptake by tumor cells 

redirected glucose-derived carbon to serine and glycine biosynthesis and also promoted 

nucleotide levels. Inhibiting autophagy in PSCs or knocking down GPT1 (alanine 

transaminase) in tumor cells negated the growth-stimulating effect of PDAC/PSC coculture. 

Autophagy is also required to activate PSCs to produce promigratory and invasive cytokines 

such as IL-6 in addition to extra-cellular matrix proteins (Endo et al., 2017). Thus, 

autophagy inhibition in PSCs attenuated IL-6 and ECM secretion and limited metastasis of 

associated PDAC tumor cells to the liver (Endo et al., 2017). PSC activation and associated 

desmoplasia in PDAC is a barrier to therapy that physically prevents access of the 

vasculature and drugs to the tumor (Gore and Korc, 2014). Approaches that degrade the 

tumor microenvironment to improve delivery of drugs to PDAC tumors have largely failed 

as a result of increased escape of aggressive tumor cells to secondary sites and outgrowth of 

metastatic disease (Ozdemir et al., 2014; Rhim et al., 2014). However, autophagy inhibition 

opens up a new avenue for therapy since it would both cut off the supply of amino acids 

from PSCs to the tumor and prevent secretion of promigratory cytokines such as IL-6 (Endo 

et al., 2017; Sousa et al., 2016) (Fig. 4A). These studies focused on PDAC but CAFs are 

known to play important tumor-promoting activities in other cancers also, including ovarian, 

breast and prostate cancers (Kalluri, 2006). The role of autophagy in CAFs in other types of 

cancer remains to be fully examined.

5.4 Systemic effects of autophagy on cancer growth

Several studies now attest to the importance of systemic autophagy in the animal for tumor 

growth in vivo (Fig. 4B). When whole body deletion of Atg7 to inhibit autophagy was 

systemically carried out, more dramatic tumor regression of KRas-driven lung cancers was 

observed than when autophagy was inhibited only in the tumor (Karsli-Uzunbas et al., 

2014). However, systemic autophagy inhibition induced widespread metabolic defects in 

numerous tissues as nutrient stores were depleted urging some caution in applying 

autophagy inhibitors in a clinical setting (Karsli-Uzunbas et al., 2014). In related studies, 

systemic expression of dominant negative Atg4B to inhibit whole-body autophagy provoked 
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marked regression of KRas driven PDAC and to a greater extent than autophagy inhibition in 

the tumor alone (Yang et al., 2018). Interestingly, autophagy is upregulated systemically in 

Drosophila with malignant RasV12;scrib−/−tumors but not with benign RasV12 tumors 

(Katheder et al., 2017). Again, autophagy inhibition in the tumor had only a modest effect 

on tumor growth whereas inhibition of autophagy in the tumor microenvironment or in the 

whole animal had a much more marked repressive effect on tumorigenesis (Katheder et al., 

2017). Transplant of quiescent RasV12;scrib−/−; Atg13−/−autophagy deficient tumors into 

autophagy competent host flies rescued tumor growth while transplant into autophagy 

deficient hosts did not (Katheder et al., 2017). Induction of autophagy in the tumor 

microenvironment was referred to as noncell-autonomous autophagy (NAA) and occurred 

independent of tumor growth but was dependent on tumor-specific activation of Yorkie 
transcriptional targets upd1 and upd3 (Drosophila IL6-like cytokines) to induce NAA 

(Katheder et al., 2017).

To understand which metabolites and which tissues play the critical autophagy-dependent 

function in promoting tumor growth at a distance, metabolite profiling of serum from control 

mice or autophagy deficient mice was performed (Poillet-Perez et al., 2018). These studies 

revealed a deficit in serum arginine levels when autophagy was systemically inhibited and 

more specifically when Atg7 was deleted and autophagy was inhibited in the liver (Poillet-

Perez et al., 2018). Significantly, tumor growth in autophagy-deficient hosts was rescued by 

dietary supplementation with arginine. This effect was observed for growth of syngeneic 

melanoma, urothelial tumors and lung tumors that were arginine auxotrophs dependent on 

exogenous sources of arginine (Poillet-Perez et al., 2018). Serum deficit for arginine was 

associated with elevated expression of arginase in autophagy-deficient liver that secretes 

arginase into the circulation under conditions that cause liver damage (Poillet-Perez et al., 

2018). These studies provide new perspectives on the role of autophagy in tumorigenesis and 

suggest that metabolic stresses that induce autophagy in distant organs, such as liver or 

muscle, could influence tumor growth. Conversely, the Drosophila studies suggest that 

tumor growth may influence systemic metabolism by promoting autophagy in adjacent and 

remote tissues. This may be particularly relevant for cancer cachexia in which loss of muscle 

and fat mass in cancer patients reduces body weight and the ability of the patient to tolerate 

treatment regimens and survive (Fearon et al., 2012). Also, there is the possibility that other 

metabolites in addition to alanine or arginine, generated by autophagy in nontumor tissues 

may play a signaling or metabolic role in promoting tumorigenesis. These are all avenues of 

future investigation.

6. Autophagy in RAS driven cancers and therapeutic vulnerabilities 

exposed

Extensive studies on the role of autophagy in GEM models of cancer have largely focused 

on Ras driven cancer models, including KRas-driven NSCLC (Bhatt et al., 2019; Guo et al., 

2011, 2013, 2016; Karsli-Uzunbas et al., 2014; Rao et al., 2014) and KRas-driven PDAC 

(Perera et al., 2015; Rosenfeldt et al., 2013; Santana-Codina et al., 2018; Sousa et al., 2016; 

Yang et al., 2011, 2018). These studies showed collectively that autophagy is required for 

progression of Ras-driven tumors to malignancy. Inhibition of autophagy in these tumors 
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disrupted mitochondrial metabolism, including lipid oxidation, amino acid recycling, 

metabolite support for the tumor by the tumor microenvironment, nucleotide homeostasis, 

survival in response to nutrient deprivation and other key aspects of cancer metabolism 

(Kimmelman and White, 2017). This led to the suggestion that Ras-driven tumors are 

“autophagy addicted” (Guo et al., 2011) and that inhibiting autophagy would be particularly 

effective as a therapeutic effect in Ras-driven cancer (Kimmelman and White, 2017).

These extensive observations made it all the more surprising when recent work showed a 

nearly 10-fold increase in autophagic flux when KRas was acutely inhibited in PDAC lines, 

or equally if extracellular regulated MAP kinase (ERK) or MAP-kinase-ERK kinase (MEK) 

signaling was acutely inhibited (Bryant et al., 2019; Kinsey et al., 2019). The increased rate 

of autophagic flux detected upon acute inhibition of Ras, MEK or ERK was associated with 

increased AMPK activity, reduced mTOR activity, increased expression of key autophagy 

and lysosomal genes including ATG5, but decreased expression of glycolysis and 

mitochondrial biogenesis genes (Bryant et al., 2019). Nucleotide metabolism was also 

disrupted possibly contributing to the observed AMPK activation following Ras/MEK/ERK 

inhibition (Bryant et al., 2019, Kinsey et al., 2019). Oncogenic KRas promotes nucleotide 

biosynthesis by driving glycolysis intermediates along the nonoxidative pentose phosphate 

pathway (PPP) and via upregulation of MYC-driven nonoxidative PPP gene ribose 5-
phosphate isomerase-A (RPIA) (Santana-Codina et al., 2018; Ying et al., 2012). Of 

relevance here are the observations that MYC is downregulated via proteasomal degradation 

when KRas or ERK is inhibited (Hayes et al., 2016; Vaseva et al., 2018). Does this make 

Ras-driven tumors more dependent on autophagy for nucleotide recycling when oncogenic 

signaling is acutely inhibited? Also, can the induction of autophagy-lysosomal genes 

observed with Ras/MEK/ERK inhibition be explained by downregulation of MYC? Does 

this result in increased TFEB activation of these genes, given that both TFEB and MYC are 

E-box binding factors that may compete with each other for promoter element occupancy? 

These are all areas for future investigation.

The significance of these findings for clinical management of Ras-driven tumors is 

potentially immense with a related study showing that combining Trametinib therapy (to 

inhibit MEK) with hydroxychloroquine (HCQ) (to inhibit autophagy) had a synergistic 

killing effect on PDAC cells in culture and on xenografted tumors in vivo (Kinsey et al., 

2019). Importantly, this approach of combining Trametinib with HCQ was highly effective 

in reducing tumor burden in a PDAC patient (Kinsey et al., 2019) and these studies are now 

being expanded in clinical trials (NCT03825289). This therapeutic concept could also be 

extended to NRas/BRaf-driven melanomas, BRaf-driven pediatric brain tumors, PTEN-

driven prostate cancers and KRas-driven NSCLCs that are all Ras/Raf driven malignancies 

that rely on autophagy for survival (Lee et al., 2019; Mulcahy Levy et al., 2017; Santanam et 

al., 2016; Strohecker et al., 2013; Xie et al., 2015).

In addition to these new therapeutic combinations, clinical interventions to block autophagy 

are now more promising due to the development of more potent dimeric analogs of CQ that 

are active at lower doses and have fewer side-effects, including Lys05 and DQ661 (McAfee 

et al., 2012; Rebecca et al., 2017). DQ661 in particular has improved lysosomal targeting 

capability and in addition to inhibiting autophagy, impairs the activity of palmitoyl-protein 
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thioesterase (PPT1) that is required for mTOR interaction with Rheb at the lysosome 

(Rebecca et al., 2018). Furthermore, development of catalytic inhibitors of ULK1 and 

VPS34 will likely offer additional and more specific autophagy inhibitors to the clinic in the 

future. As mentioned above, some caution in the clinical use of autophagy inhibitors is 

advisable due to uncertainty over effects of systemic autophagy inhibition on normal tissue 

homeostasis, most notably on the liver and brain (Karsli-Uzunbas et al., 2014). There are 

also unanswered questions about whether autophagy inhibition would have negative 

consequences for cancer treatment outcomes due to the requirement for autophagy in tumor 

immune surveillance (Galluzzi et al., 2017b). Finally, it is not clear that all types of cancers 

will respond positively to autophagy inhibition, even if Ras-driven tumors are responsive. 

However, these recent findings augur well for the future of autophagy inhibition in cancer 

treatment and ongoing research will likely identify the specific contexts where its use in the 

clinic is scientifically justified.

7. Future directions

Understanding the role of autophagy in cancer has moved rapidly in the past decade to the 

point where the use of autophagy inhibitors in the clinic holds significant promise. These 

advances have primarily leveraged the role of autophagy in recycling metabolites to promote 

survival, although the role of autophagy in other aspects of tumorigenesis, and particularly in 

cancer metastasis, is also very relevant. Of note, most of the work addressing the role of 

autophagy in cancer has focused on the primary tumor and assessment of the role of 

autophagy in the metabolism of metastatic cancers and how this may differ from primary 

disease is an area that deserves further attention. Autophagy also underpins tumor dormancy 

and cancer stemness properties but the underlying mechanisms explaining how autophagy is 

activated during dormancy or how it promotes stemness warrant further investigation. Its 

role in cancer stem cells may be related to its ability to promote glycolysis and maintain 

tumor cells in a quiescent state. Much of the current focus on autophagy in cancer focuses 

on Ras-driven cancers which represent an important group of currently intractable tumors 

but the role of autophagy in other cancers, for example, cancers driven by MYC over-

expression, remains an under-examined line of research where avenues to assess whether 

MYC, or indeed HIF-1, interferes with TFEB-induced autophagy gene expression via E-box 

competition is an intriguing line of research. Understanding the extent to which other 

noncanonical forms of autophagy, including LAP, contribute to cancer will need to be 

further examined. Finally, the development of new drugs to target autophagy, including 

ULK1 and VPS34 inhibitors, and thereby prevent cancers from adapting to altered nutrient 

availability seems to have arrived just at the right time as the scientific justification for the 

use of autophagy inhibitors in the clinic is gaining momentum.
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Fig. 1. 
Overview of the molecular basis of autophagy initiation and completion. The process of 

autophagy is summarized above with (A) nutrient control of the preinitiation complex 

(containing the critical ULK1/ULK2, FIP200, ATG13 and ATG101) via activation of AMPK 

and repression of mTOR; (B) initiation complex made up of VPS34, VPS15, ATG14 and 

Beclin1 promotes phagophore formation and recruitment of the conjugation complexes, 

ATG12-ATG5/ATG16L and LC3-II-PE; (C) conjugation complexes ATG12-ATG5/ATG16L 

and LC3-II-PE are formed under the control of ATG7; (D) autophagic cargo is recruited to 

the growing phagophore through interaction of cognate cargo receptors, such as NIX 

(purple) with mitochondria and NUPIF1 (pale blue) with ribosomes via LIR motifs with 

LC3-II; (E) mitophagy is a selective form of autophagy in which mitochondria are targeted 

for degradation as a result of depolarization in a ubiquitin-dependent manner (PINK1/

Parkin), or in response to nutrient stress in a ubiquitin-independent manner (BNIP3/NIX); 

(F) fusion of the autophagosome with the lysosome is promoted by the interaction of STX17 

together with ATG14 at the autophagosome, with Vamp8 at the lysosome; (G) autophagic 

cargo is degraded at the lysosome via lysosomal hydrolases.
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Fig. 2. 
Transcriptional control of autophagy. Transcriptional control of autophagy is mediated by 

multiple transcription factors, including ATF4, FoxOs and MiTF/TFE factors. Other factors 

that also induce autophagy genes are PPARα, p53, HIF1, NFkB and others but ATF4, FoxOs 

and MiTF/TFE factors do so in a more general manner. ATF4 is induced by amino acid 

deprivation, ER stress and mitochondrial dysfunction. In addition to inducing autophagy, 

ATF4 also induces genes involved in amino acid metabolism, systemic metabolism, protein 

refolding, antioxidant responses, and cell death genes that are activated if stress is not 

resolved. FoxOs are transcription factors that promote stemness and reduce aging and are 

activated by nutrient deprivation and redox stress. In addition to inducing general autophagy 

via ATG genes, FoxOs potently induce mitophagy via BNIP3 in atrophying muscle, cell 

cycle arrest in high redox states, and like ATF4 promotes cell death via Bim and Puma if cell 

stress is not removed. TFEB is the key factor of the MiTF/TFE transcription factor family 

that induces numerous autophagy genes (ATG) and lysosomal genes, and is subject to 

nutrient control via mTOR.
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Fig. 3. 
Posttranslational control of autophagy. The key posttranslational regulators of autophagy are 

AMPK and mTOR, kinases that sense the nutrient status of the cells to either inhibit or 

promote cell growth and conversely to either activate or inhibit autophagy as an adaptive 

response to nutrient stress. AMPK is activated by high AMP levels that arise when ATP 

levels are low, either due to the low energy state of the cell in general or due to 

mitochondrial dysfunction that can cause low ATP levels. LKB1 is a critical upstream 

regulator of AMPK, that is itself activated by mitochondrial dysfunction, including 

inhibition of the electron transport chain. AMPK in addition to promoting general autophagy 

by phosphorylating ULK1/2 and also Beclin1, promotes mitophagy via phosphorylation and 

activation of FIS1 and MFF, both receptors for DRP1 in mitochondrial fission, but emerging 

data suggests FIS1 plays a role in integrating mitochondrial remodeling with the autophagy 

machinery. mTOR by contrast with AMPK inhibits autophagy downstream of major growth 

stimulatory signals including growth factor receptor stimulation and AKT activation. 

Nutrient deprivation, including hypoxia, promotes autophagy via mTOR inhibition, 

mediated by specific regulators including REDD1 that is a HIF1 target. The mitochondria is 

Anderson and Macleod Page 36

Int Rev Cell Mol Biol. Author manuscript; available in PMC 2021 June 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



a major signaling organelle that can induce mitophagy via production of reactive oxygen 

species (ROS), or suppress autophagy via sustained ATP production that prevents AMPK 

activation. Mitochondria also contribute to cellular redox balance by maintaining levels of 

NAD+ that keep Sirtuins in an active conformation ensuring activity of FoxOs and low 

PARP activity.
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Fig. 4. 
Non-cell autonomous roles of autophagy in tumorigenesis. (A) Beyond work showing a 

central role for autophagy in promoting tumor cell survival via metabolite recycling, 

organelle homeostasis and tumor cell migration, data from mouse models have identified a 

non-cell autonomous role for autophagy in pancreatic stellate cells supporting PDAC tumor 

cells by providing amino acids (specifically alanine in published studies) while other work 

shows associated PSCs stimulate tumor cell migration by secreting IL-6 and other pro-

migratory cytokines. In Drosophila, tumor cells released signals that promoted autophagy 

both in the tumor microenvironment and systemically. Autophagy also plays a critical role in 

anti-tumor immune responses. (B) Inhibition of autophagy systemically has a more marked 

inhibitory effect on repression of tumor growth than inhibition of autophagy in the tumor 

itself. This has been attributed to the role for autophagy in distant tissues, such as liver, 
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muscle and fat, in providing amino acids, fatty acids and glucose to the tumor via the 

circulation.
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