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Abstract

The metabolism of malignant cells is profoundly altered in order to maintain their survival and 

proliferation in adverse microenvironmental conditions. Autophagy is an intracellular recycling 

process that maintains basal levels of metabolites and biosynthetic intermediates under starvation 

or other forms of stress, hence serving as an important mechanism for metabolic adaptation in 

cancer cells. Although it is widely acknowledged that autophagy sustains metabolism in neoplastic 

cells under duress, many questions remain with regard to the mutual relationship between 

autophagy and metabolism in cancer. Importantly, autophagy has often been described as a 

“double-edged sword” that can either impede or promote cancer initiation and progression. Here, 

we overview such a dual function of autophagy in tumorigenesis and our current understanding of 

the coordinated regulation of autophagy and cancer cell metabolism in the control of tumor 

growth, progression, and resistance to therapy.

1. INTRODUCTION

The ability of cells to adapt to stress requires diverse changes in cellular metabolism. One of 

the principal pathways contributing to this metabolic adaptive response is macroautophagy 

(commonly termed autophagy), a tightly regulated lysosomal digestion process. Because 

degradation through autophagy allows recycling of nutrients, autophagy serves as an 

important survival and fitness pathway induced by a wide array of stresses including nutrient 

deprivation, growth factor withdrawal, oxidative stress, infection, and hypoxia (Avivar-

Valderas et al., 2011; Boya, Reggiori, & Codogno, 2013; Lum et al., 2005; Yin, Kharbanda, 

& Kufe, 2009). In addition to its role in the stress-induced response, autophagy plays an 

essential homeostatic function by selectively removing damaged or nonfunctional proteins 

and organelles. These quality control functions have been demonstrated to be especially 

crucial in certain cell types: Liver cells are reliant on autophagy for the breakdown of stored 

metabolites, pancreatic β-cells utilize autophagy to manage high levels of endoplasmic 

reticulum (ER) stress, and postmitotic neurons require autophagy to remove potentially 
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damaging proteins that cannot be diluted by cell division (Hara et al., 2006; Jung et al., 

2008; Komatsu et al., 2005, 2006; Wu et al., 2009).

Given these key functions of autophagy in normal cells and tissues, it is not surprising that 

disruptions in autophagy have been implicated in numerous human diseases, including 

neurodegeneration, liver disease, inflammation, type 2 diabetes, and cancer (Debnath, 2011; 

Levine & Kroemer, 2008; Murrow & Debnath, 2013). While autophagy has been 

demonstrated to improve disease outcome in many cases by facilitating stress-induced 

metabolic adaptation or cellular homeostasis, the role of autophagy is more complex in 

cancer. Autophagy serves as an important tumor suppressor mechanism that impedes cancer 

initiation; at the same time, autophagy can promote the survival of tumor cells in response to 

diverse microenvironmental and therapeutic stresses and support anabolic capacity in fast-

replicating, metabolically stressed tumor cells (Kimmelman, 2011; Levine & Kroemer, 

2008; Rabinowitz & White, 2010). Despite this widely accepted notion that autophagy 

critically fuels metabolism in tumor cells under duress, many questions remain with regard 

to the interrelationships between autophagy and metabolism in cancer. This chapter focuses 

on the coordinated regulation of autophagy and cancer cell metabolism, controlling tumor 

growth, progression, and resistance.

2. OVERVIEW OF THE AUTOPHAGY MACHINERY

The process of macroautophagy occurs in a series of distinct steps: (1) initiation of the 

isolation membrane; (2) nucleation; (3) elongation of the double-membrane structure to 

form the autophagosome; and (4) fusion to the lysosome to form an autolysosome, in which 

the contents are degraded (Fig. 2.1). Studies in yeast have revealed over 30 autophagy 

related genes and proteins (ATGs and Atgs respectively) involved in the autophagic 

trafficking process, many of whose mammalian orthologues have also been identified 

(Nakatogawa, Suzuki, Kamada, & Ohsumi, 2009). This section provides an overview of the 

key molecular complexes that comprise the autophagy machinery in mammalian cells—

more detailed reviews can be found elsewhere (Klionsky, 2013; Klionsky & Emr, 2000; 

Yang & Klionsky, 2010).

2.1. Initiation and the ULK complex

In mammals, autophagosome initiation requires the ULK complex, which consists of 

ULK1/2 (orthologous to yeast Atg1) associated with ATG13, FIP200, and ATG101 

(Mizushima, 2010; Fig. 2.1A). At least three different ULK proteins are involved in different 

aspects of autophagy, among which ULK1/2 bear the highest similarity to yeast Atg1. Under 

nutrient-rich conditions, the ULK complex interacts with mTORC1 and remains inactivated 

by mTORC1-mediated phosphorylation. However, upon nutrient deprivation, mTORC1 

dissociates from the complex resulting in the dephosphorylation of inhibitory sites and 

concomitant autophosphorylation of activating sites in ULK1/2 (Chan, 2009). The kinase 

activation of ULK1/2 then leads to the phosphorylation and activation of ATG13 and FIP200 

(Jung et al., 2009). The active complex then initiates nucleation by interaction with the 

Beclin 1/ATG14/VPS34 complex.
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2.2. Nucleation and Beclin 1/ATG14/VPS34 complex

The formation of autophagosomes requires the activity of class III phosphatidylinositol 3-

kinase (PI3K) VPS34, which is essential for phosphatidylinositol 3-phosphate production 

during the early stages of phagophore nucleation. VPS34 forms a complex with the yeast 

Atg6 orthologue Beclin 1, ATG14L, and VPS15/PIK3R4 (p150) (Itakura, Kishi, Inoue, & 

Mizushima, 2008; Zhong et al., 2009). Various binding partners of Beclin 1 have been 

identified (Fig. 2.1B), including UV irradiation resistance-associated gene (UVRAG) 

(Itakura et al., 2008; Liang et al., 2006), ATG14L/Barkor (Matsunaga et al., 2009; Zhong et 

al., 2009), and AMBRA1 (Fimia et al., 2007), all of which positively regulate Beclin 1 

activity. Notably, ATG14L plays a critical role in specifying the site of the VPS34 complex 

relocation and therefore phagophore nucleation (Matsunaga et al., 2009). UVRAG also 

interacts with SH3GLB1/Bif-1 (an N-BAR domain protein), which potentially leads to 

phagophore membrane curvature, and expedites autophagosome–lysosome fusion (Liang et 

al., 2008; Takahashi et al., 2007). In addition to these positive regulators, other Beclin 1-

interacting partners, including BCL-2, BCL-xL, Rubicon (RUN domain and cysteine-rich 

domain containing, Beclin 1-interacting protein), AKT, and EGFR, are negative regulators 

of the Beclin 1/VPS34 autophagy-promoting complex (Matsunaga et al., 2009; Pattingre et 

al., 2005; Wang et al., 2012; Wei et al., 2013; Zhong et al., 2009). Overall, these studies 

indicate that multiple class III PI3K complexes exist concurrently within the cell, suggesting 

that these proteins can exquisitely tune the level of autophagy. Notably, several proteins in 

this complex have tumor-suppressive or antiproliferative effects, which are discussed in 

detail in the succeeding text.

2.3. Elongation and the ATG12/ATG8 conjugation systems

The elongation of the phagophore membrane requires two ubiquitin-like conjugation 

systems. In the first, ATG7 and ATG10 (E1- and E2-like enzymes, respectively) conjugate 

ATG12 to ATG5. The ATG5–ATG12 complex binds ATG16 and forms a large multimeric 

complex called the ATG16L complex, which is essential for the elongation of the nascent 

phagophore (Fig. 2.1C). The second conjugation system involves cleavage of the ubiquitin-

like molecule, ATG8, by the protease ATG4 to expose a C-terminal glycine residue required 

for subsequent activation and conjugation reactions. Several mammalian orthologues of 

yeast Atg8 have been identified, of which the best characterized is microtubule-associated 

protein 1 light chain 3 (LC3) alpha (MAP1LC3A) (Weidberg, Shpilka, Shvets, Shinder, & 

Elazar, 2010). Atg4 also has four mammalian isoforms, although the specificities are entirely 

known (Li et al., 2011; Shpilka, Weidberg, Pietrokovski, & Elazar, 2011). Ultimately, LC3 is 

conjugated to the lipid phosphatidylethanolamine (PE) via ATG7 and E2-like ATG3 and is 

subsequently recruited to both the outer and inner surfaces of the autophagosomal 

membrane (Fig. 2.1C). LC3 and other Atg8 family members can mediate membrane 

tethering and hemifusion, which may be important in the fusion of the ends of the 

phagophore membrane into a closed autophagosome (Weidberg et al., 2011).

In addition, LC3 is an important mediator for selectively targeting cargo for autophagic 

degradation. Several ubiquitin-binding proteins have been identified as cargo receptors for 

autophagy substrates (Johansen & Lamark, 2011), including p62/SQSTM1 (Bjørkøy et al., 

2005), NBR1 (Kirkin et al., 2009), NDP52 (Thurston, Ryzhakov, Bloor, von Muhlinen, & 
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Randow, 2009), and OPTN (Wild et al., 2011). These cargo receptors contain a well-

conserved linear amino acid motif called the LIR (LC3-interacting region) that is necessary 

for specific targeting to the autophagosome. Interestingly, the LIR consensus sequence has 

been identified in a number of proteins, suggesting that the repertoire of LC3-interacting 

proteins acting as cargo receptors for selective autophagy may be expansive. In support of 

this, a large-scale proteomic study demonstrated that the mammalian ATG8 family has 67 

high-confidence interactions with other cellular proteins (Berhends, Sowa, Gygi, & Harper, 

2010).

2.4. Fusion

After an autophagosome forms, it fuses with the endosome or lysosome where the engulfed 

components may be recycled (Fig. 2.1E). Autophagosomes travel along microtubules, 

pushed by dynein, to lysosomes. Fusion requires ESCRT, SNAREs—specifically syntaxin 

17 (Itakura, Kishi-Itakura, & Mizushima, 2012)—VPS family proteins, and RAB7. Fusion 

to the lysosome is the last step in the degradation of the intracompartmental components, 

and impaired lysosome function prevents complete autophagic flux. Hence, lysosomotrophic 

agents such as hydroxychloroquine (HCQ) are used experimentally to inhibit autophagy. 

These lysosomal inhibitors are proposed to impair autophagosome maturation and flux by 

altering the pH of the lysosome; nonetheless, it is important to recognize that these 

compounds impact a broad array of processes other than autophagy.

2.5. Chaperone-mediated autophagy

Although this chapter principally focuses on macroautophagy, it is important to recognize 

that multiple routes of autophagic degradation exist, including microautophagy and 

chaperone-mediated autophagy (CMA) (Mizushima, 2007). CMA warrants special attention 

because of its emerging role in cancer (Kon et al., 2011; Lv et al., 2011; Vakifahmetoglu-

Norberg et al., 2013). CMA is a highly selective form of autophagy in which specific 

proteins are targeted to the lysosome via their interaction with a cytosolic chaperone protein

—HSC70—that recognizes and binds to a specific pentapeptide motif, the KFERQ 

sequence. This interaction leads to binding to the lysosome via a variant of the lysosome-

associated membrane protein 2A (LAMP2A), and after some unfolding, the targeted protein 

is directly delivered into the lysosome for degradation (Fig. 2.2; Cuervo, Terleckyh, Dice, & 

Knecht, 1994; Dice, Chiang, Spencer, & Backer, 1986; Koga, Martinez-vicente, Macian, 

Verkhusha, & Cuervo, 2011). Interestingly, CMA can be induced in mammalian cells when 

macroautophagy is inhibited and vice versa, indicating that a switch in one type of 

autophagy can compensate for a deficiency in the other (Massey, Kaushik, Sovak, Kiffin, & 

Cuervo, 2006; Wang et al., 2008).

3. METABOLIC STIMULI REGULATING AUTOPHAGY

Metabolic stresses often occur in solid tumors and the tumor microenvironment—rapidly 

multiplying tumor cells and tumors that have yet to initiate angiogenic programs and often 

cannot maintain nutrient supply and quickly become hypoxic. To forestall senescence or 

death, tumor cells metabolically reprogram and engage autophagy to survive in the hostile 

tumor microenvironment (DeBerardinis, Lum, Hatzivassiliou, & Thompson, 2008; Lozy & 
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Karantza, 2012). Metabolites, oxygen concentration, and oncogenes all regulate the 

initiation of autophagosome formation, and the regulation of autophagy is finely balanced by 

the integration of all these signals (Fig. 2.3). In this section, we provide an overview of the 

regulation of autophagy by specific metabolites and metabolic stressors in tumor cells, 

focusing on cancer-relevant pathways.

3.1. Nutrient starvation

Autophagy is strongly induced in response to nutrient starvation, which is primarily 

controlled by mammalian target of rapamycin (mTOR). mTOR was initially identified as a 

key negative regulator of autophagy in yeast and has been confirmed to function as a major 

regulator of mammalian autophagy (Kroemer, Mariño, & Levine, 2010). mTOR acts as a 

master sensor of metabolic state; signals from growth factors, amino acids, oxidative stress, 

and DNA damage alter mTOR interactions with binding partners, thereby regulating mTOR 

activity. Active mTORC1 under nutrient conditions modulates the rates of translation, lipid 

synthesis, and mitochondrial proliferation and phosphorylates ULK1/2 and ATG13 to block 

autophagy. Under nutrient deprivation, ATG13 and ULK1/2 are dephosphorylated by an 

unknown phosphatase, leading to autophagosome formation (Jung et al., 2009; Jung, Ro, 

Cao, Otto, & Kim, 2010; Neufeld, 2010; Zoncu, Efeyan, & Sabatini, 2011).

3.2. Glucose

As noted by Otto Warburg in 1924, cancer cells preferentially utilize glycolysis over 

oxidative phosphorylation as a source of energy in aerobic conditions. Glycolysis is thought 

to provide a growth advantage by maintaining intracellular pools of metabolites for 

anabolism (Vander Heiden, Cantley, & Thompson, 2009). Therefore, cancer cells are more 

sensitive to low levels of glucose than nontransformed cells. Low glucose levels induce 

autophagy in a wide variety of mammalian cell types, and this regulation appears to be 

partially dependent on the activation of AMPK (Williams, Forsberg, Viollet, & Brenman, 

2009). AMPK is activated by a high ratio of AMP to ATP (Kroemer et al., 2010). Under 

conditions of low intracellular energy, activated AMPK induces autophagy both by 

phosphorylating ULK1, resulting in its activation, and by inhibiting mTORC1 via 

phosphorylation of Raptor (Kim, Kundu, Viollet, & Guan, 2011; Mihaylova & Shaw, 2011). 

During glucose deprivation, AMPK-dependent Beclin 1 phosphorylation activates the 

proautophagy Beclin 1/VPS34 complex (Kim et al., 2013). However, the balance of nutrient 

availability is crucial for autophagy induction, especially since autophagy is an ATP-

consuming process. Under starvation conditions, the addition of glucose (up to a threshold) 

promotes autophagy via a p38 MAPK-dependent pathway (Moruno-Manchón, Pérez-

Jiménez, & Knecht, 2013).

3.3. Amino acids

Autophagy is inhibited in an mTORC1-dependent manner based on the levels of amino acids 

in the cytoplasm. Amino acids activate Rag GTPases, which promote translocation of 

mTORC1 to the lysosomal surface, resulting in mTORC1 activation and inhibition of 

autophagy via ULK1/2. Intralysosomal amino acid levels also regulate mTORC1 activity in 

a vacuolar ATPase-dependent manner, which may function as a means of feedback 

inhibition of the autophagic process (Sancak et al., 2008, 2010; Zoncu, Bar-Peled, et al., 
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2011). Amino acid levels also alter the signaling of the RAS/RAF1/ERK1/2 pathway, which 

regulates autophagy induction. High amino acid levels inhibit the activation of RAF1, which 

prevents ERK1/2-dependent phosphorylation of Gα-interacting protein, resulting in 

decreased stimulus-induced autophagy in HT-29 intestinal cells (Gozuacik & Kimchi, 2004; 

Ogier-Denis, Pattingre, El Benna, & Codogno, 2000; Pattingre, Bauvy, & Codogno, 2003). 

Specific amino acids also have distinct effects on autophagy inhibition. Leucine has the 

strongest inhibitory effect on autophagy. Leucyl-tRNA synthetase, an intracellular leucine 

sensor, binds to and regulates Rag GTPase interaction with mTORC1, leading to autophagy 

inhibition (Han et al., 2012).

3.4. Glutamine

When glucose levels are low, cells commonly shift to glutaminolysis to maintain 

tricarboxylic acid (TCA) cycle ATP and NADPH production. Ammonia produced during 

glutaminolysis increases autophagic flux by an mTORC1-independent pathway (Cheong, 

Lindsten, & Thompson, 2012; Eng, Yu, Lucas, White, & Abraham, 2010). Moreover, 

leucine levels regulate glutamate dehydrogenase 1 (GLUD1) activity that promotes 

autophagy by inhibiting mTORC1 activity and modulating reactive oxygen species (ROS) 

levels (Lorin et al., 2013). Accordingly, the production of ammonia by GLUD1-mediated 

oxidative deamination of glutamate to alpha ketoglutarate may also regulate autophagy in a 

similar fashion to ammonia generated from glutaminolysis; however, this intriguing 

hypothesis requires further testing. Moreover, it is important to recognize that glutaminolysis 

may not always promote autophagy. Indeed, glutamine and leucine together have been 

reported to activate mTORC1 and therefore inhibit autophagy in a glutaminolysis-dependent 

manner (Durán et al., 2012), indicating that the regulation of autophagy by glutamine is 

sensitive to metabolic context. Glutamine depletion was reported to decrease mRNA levels 

of Atg5 in wild-type MEFs, supporting the finding that glutaminolysis may promote 

autophagy (Lin et al., 2012).

3.5. Lipids and free fatty acids

In cancer cells, the impact of altered lipid metabolism on autophagy regulation is not as well 

defined as that of glucose and glutamine metabolism. Fatty acid synthesis is generally 

restricted to specific tissues, but is often upregulated in cancers (Santos & Schulze, 2012). 

Palmitate, the simplest and most abundant fatty acid and the product in fatty acid synthesis, 

stimulates autophagy in the muscle, liver, neurons, and pancreatic cells. Palmitate-induced 

autophagy is mediated by JNK1 activity and PKC activity and is independent of mTOR 

(Komiya et al., 2010; Martino et al., 2012; Tan et al., 2012). However, the induction of 

autophagy may not increase autophagic flux in pancreatic cells (Las, Serada, Wikstrom, 

Twig, & Shirihai, 2011), although there are conflicting data about the turnover of long-lived 

proteins. Further experiments, such as using GFP and mCherry-tagged LC3, will clarify this 

point. Additionally, the autophagic response to fatty acids may be highly tissue-specific. In 

hepatocytes, palmitate was found to promote apoptosis instead of autophagy, while oleate—

the most abundant monounsaturated fatty acid—was found to promote autophagy via 

increasing ROS levels (Mei et al., 2011). The synthetic fatty acid 2-hydroxyoleic acid 

induced ER stress and autophagy in glioma cell lines but not a control fibroblast cell line and 

resulted in glioma cell differentiation (Marcilla-Etxenike et al., 2012; Terés et al., 2012). 
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How 2-hydroxyoleic acid induces ER stress remains unknown. However, it has been shown 

that excess lipid storage in nonadipose tissue can cause ER stress, which increases 

autophagy via MTOR, JNK, and increased transcription of autophagy genes (B’chir et al., 

2013; Ogata et al., 2006; Qin, Wang, Tao, & Wang, 2010; Tomohiro & Klionsky, 2007).

3.6. Hypoxia and ROS

Hypoxia and ROS, often found in the poorly vascularized tumor microenvironment, have 

been shown to increase autophagic flux via several mechanisms. Most directly, ROS inhibit 

ATG4 autophagosome turnover activity, allowing for the maintenance of lipidated LC3 

necessary for autophagosome formation (Scherz-Shouval et al., 2007). Autophagy is 

upregulated during hypoxia via hypoxia-inducible factor 1α (HIF1α) induction of BNIP3 

and BNIP3L, which binds to Beclin 1 to promote autophagy (Bellot et al., 2009). AMPK 

promotes autophagy independently of HIF in response to severe hypoxia. While BNIP3-

regulated autophagy protects cells from death, AMPK-induced autophagy promotes cell 

death, pointing to the influence of cellular context on the outcome of autophagy 

(Papandreou, Lim, Laderoute, & Denko, 2008).

ROS-mediated damage also likely controls autophagy. ROS damages DNA, proteins, and 

organelles (Wellen & Thompson, 2010), and accumulated damage and subsequent metabolic 

stress activate autophagic programs. In addition to starvation, JNK-mediated autophagy 

induction is often associated with oxidative stress (Eisenberg-Lerner & Kimchi, 2007; Kang, 

Zeh, Lotze, & Tang, 2011). Stress-activated JNK results in the phosphorylation of BCL-2, an 

antiapoptotic protein that binds to and inhibits Beclin 1 (Pattingre et al., 2005), causing the 

release of Beclin 1 and autophagy induction (Wei, Pattingre, Sinha, Bassik, & Levine, 2008). 

In another indirect mechanism, low-oxygen concentrations lead to the acidification of the 

environment, and autophagy is upregulated in response to low pH independent of oxygen 

concentration (Wojtkowiak et al., 2012).

4. AUTOPHAGY AND TUMOR SUPPRESSION

Scientific evidence supports both tumor-promoting and tumor-suppressive functions for 

autophagy and the exact role of autophagy during cancer progression depends on tumor 

type, context, and stage. Here, we discuss the genetic evidence supporting the role of 

autophagy-related proteins (ATGs) as tumor suppressors and review the potential 

mechanisms through which autophagy impairs tumor initiation and progression (Fig. 2.4).

4.1. ATGs as tumor suppressors

Genetic evidence that autophagy can prevent tumor formation first emerged through studies 

of beclin 1 (Liang et al., 1999), which was found to be monoallelically deleted in 40–75% of 

cases of sporadic human breast, ovarian, and prostate cancer. Furthermore, mice lacking a 

single copy of beclin 1 developed spontaneous lymphoma, hepatocellular carcinoma, and 

lung adenocarcinomas (Qu et al., 2003; Yue, Jin, Yang, Levine, & Heintz, 2003). Notably, 

the second allele of beclin 1 was not lost in these tumors, further corroborating that beclin 1 
functioned as a haploinsufficient tumor suppressor. In addition, multiple Beclin 1-interacting 

partners have been implicated as tumor suppressors. UVRAG, a Beclin 1-interacting protein 
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that positively regulates autophagy, is allelically deleted in human colon carcinoma (Liang et 

al., 2006; Liang, Feng, Ku, & Oh, 2007). Moreover, frameshift mutations in the polyadenine 

tract of the UVRAG gene resulting in decreased autophagy are present in gastric carcinomas 

(Kim et al., 2008). Mice lacking SH3GLB1/Bif-1, which interacts with Beclin 1 via 

UVRAG, exhibit a significantly higher rate of spontaneous tumors (Takahashi et al., 2007), 

and reduced SH3GLB1/Bif-1 expression, which correlates with decreased autophagy, is 

observed in gastric carcinoma (Lee et al., 2006). Besides the well-characterized oncoprotein 

BCL-2 interaction with Beclin 1, two other oncoproteins have been more recently shown to 

interact with Beclin 1 leading to autophagy suppression and oncogenesis. AKT-mediated 

Beclin 1 serine phosphorylation enhances its interaction with vimentin and decreases 

autophagy. Depletion of vimentin or expression of a nonphosphorylatable Beclin 1 mutant in 

AKT-overexpressing cells increases autophagy and inhibits transformation, supporting the 

hypothesis that autophagy suppresses tumor initiation in AKT-driven tumors (Wang et al., 

2012). EGFR-mediated Beclin 1 tyrosine phosphorylation suppresses the formation of the 

proautophagy Beclin 1/VPS34 complex, which may contribute to tumor progression and 

chemoresistance in human non-small cell lung cancer xenografts harboring oncogenic EGFR 

mutations (Wei et al., 2013).

In addition to Beclin 1 and its associated proteins, other ATGs have been implicated as 

suppressors of spontaneous tumorigenesis. Mice with systemic mosaic deletion of Atg5 and 

liver-specific Atg7−/− mice develop liver adenomas (Inami et al., 2011; Takamura et al., 

2011). Atg4C knockout mice exhibit increased susceptibility to fibrosarcomas in a chemical 

carcinogen model (Mariño et al., 2007). Mice with hematopoietic stem cell deletion of Atg7 
develop an atypical myeloproliferation resembling human myelodysplastic syndrome and 

acute myeloid leukemia (Mortensen et al., 2011). Frameshift mutations in ATG2B, ATG5, 

and ATG9B have been reported in gastric and colorectal carcinomas, further suggesting that 

the components of the core autophagic machinery act as tumor suppressors in human 

cancers (Kang et al., 2009).

4.2. Autophagy-dependent degradation of p62/SQSTM1

The accumulation of p62/SQSTM1, an autophagy cargo receptor, promotes tumorigenesis: 

Liver tumor size is reduced in Atg7−/− mice by simultaneous p62 deletion (Takamura et al., 

2011), p62 gene targeting reduces anchorage-independent growth of human hepatocellular 

carcinoma cells (Inami et al., 2011), p62−/− mice fail to develop RAS-induced lung 

carcinomas (Duran et al., 2008), and p62-null cells have impaired RAS transformation (Guo 

et al., 2011). In KRAS-driven tumor cells, p62 activates Nrf2 and NF-kB, which stimulate 

proangiogenic and proinflammatory responses, respectively, thereby contributing to 

aggressive tumor progression. Thus, increased autophagy enhances p62 degradation, leading 

to diminished angiogenic and inflammatory responses (Duran et al., 2008; Kim, Hur, et al., 

2011; Mathew et al., 2009).

p62/SQSTM1 activation of the Nrf2 pathway in autophagy-deficient cells is especially 

important in tumor progression (Komatsu et al., 2010). Notably, the Nrf2 pathway, due to 

inactivating somatic mutations in the E3 ubiquitin ligase Keap1, has been implicated as a 

survival pathway in non-small cell lung carcinomas (Singh et al., 2006). The transcription 
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factor Nrf2 (nuclear regulatory factor 2) regulates the expression of a wide range of genes 

that promote angiogenesis and facilitate cell survival. Keap1 ubiquitinates Nrf2 resulting in 

its degradation under normal conditions. Accumulated p62/SQSTM1 in autophagy-deficient 

cells directly binds to Keap1, disrupting Keap1-mediated degradation of Nrf2 and promoting 

aberrant Nrf2-mediated transcription (Komatsu et al., 2010). Thus, aberrant regulation of 

Nrf2 in autophagy-deficient cells may be an important pathway in tumor cell survival (Fig. 

2.3A). Indeed, this pathway has been implicated in the spontaneous tumorigenesis of 

autophagy-defective liver cells (Inami et al., 2011; Takamura et al., 2011) and in the early 

growth acceleration of BRAF-driven lung cancers lacking Atg7 (Strohecker et al., 2013).

4.3. Autophagy prevents protumor inflammation and facilitates senescence

Because autophagy promotes tumor cell adaptation and survival during hypoxic and 

metabolic stress, it may suppress tumor progression by inhibiting necrosis. In solid tumors, 

necrotic cell death causes macrophage infiltration and proinflammatory cytokine production, 

and chronic inflammation generally favors cancer growth and progression (DeNardo, 

Johansson, & Coussens, 2008). Thus, by limiting necrosis, autophagy may actually suppress 

tumor growth by preventing leukocyte infiltration of the primary tumor site (Fig. 2.3B). 

Indeed, this ability of autophagy to restrict necrosis prevented macrophage-associated tumor 

inflammation and inhibited primary tumor growth in apoptosis-resistant cells (Degenhardt et 

al., 2006). Additionally, autophagy can facilitate the transition to senescence (Fig. 2.3C), 

which also prevents immune activation due to necrosis, and can lead to the elimination of 

premalignant cells by senescence-mediated surveillance (Kang, Yevsa, et al., 2011; Narita et 

al., 2011; Young et al., 2009). Autophagy allows the cancer cells to quietly survive but helps 

to restrict proliferation by facilitating senescence, thereby overall suppressing tumor growth.

4.4. Autophagy clears dysfunctional mitochondria

Autophagy is an important mechanism for the clearance of damaged mitochondria, a process 

termed mitophagy. Mitochondrial number may indirectly regulate tumor progression as the 

mitochondria produce ROS, which can promote tumor progression via damage to proteins or 

DNA causing chromosomal instability (Ishikawa et al., 2008). In response to ROS, 

mitophagy is upregulated to remove excess mitochondria and mitigate ROS production (Fig. 

2.3D). Increased ROS production from increased metabolic rate can damage the 

mitochondria, which in turn can increase metabolic stress in the cell. Accordingly, in 

autophagy-defective cells, metabolic stress induces more DNA damage, increased genomic 

instability, and increased accumulation of damaged mitochondria than in wild-type control 

cells (Belaid et al., 2013; Mathew et al., 2009). By clearing damaged mitochondria and 

controlling intracellular ROS levels, autophagy may exert a tumor suppressor function.

5. TUMOR-PROMOTING FUNCTIONS OF AUTOPHAGY

Although reduced autophagy can promote tumor development, autophagy provides cancer 

cells with certain selective advantages to cope with stress and promote metabolic adaptation. 

Hence, a basal level of autophagy appears to be necessary for the optimal survival and 

fitness of cancer cells. The following section provides an overview of several potential 

mechanisms by which autophagy may promote tumor progression (Fig. 2.5).
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5.1. Autophagy and metabolic adaptation in cancer

5.1.1 Autophagy and oxidative mitochondrial metabolism—Strong oncogenic 

insults like RAS activation lead to increased autophagy. In pancreatic ductal 

adenocarcinoma (PDAC), where activating KRAS mutations are present in greater than 90% 

of tumors, elevated autophagy is found in both primary PDAC tumors and cell lines. Genetic 

inhibition of autophagy in PDAC cells potently suppresses proliferation in vitro and elicits 

robust tumor regression and prolonged survival in pancreatic cancer xenografts and genetic 

mouse models (Yang et al., 2011). Because RAS activation is marked by profound metabolic 

alterations that promote energy production and support the biosynthesis of macromolecules 

needed for rapid proliferation, it has been hypothesized that autophagy maintains key 

metabolic pathways in RAS-transformed cells. In support, the loss of autophagy during RAS 

transformation is associated with reduced mitochondrial oxygen consumption and decreased 

levels of TCA cycle intermediates (Guo et al., 2011; Yang et al., 2011). This requirement for 

autophagy to maintain oxidative mitochondrial metabolism of RAS-transformed cells 

indicates that the protumor effects of autophagy are not limited to survival functions in 

response to external stresses. Rather, autophagy contributes to the metabolic fitness of the 

entire tumor population. Remarkably, this requirement for autophagy may be oncogene-

dependent, as autophagy has been demonstrated to restrict, rather than promote, proliferation 

driven by oncogenic PI3K in a three-dimensional mammary culture model (Chen, Eritja, 

Lock, & Debnath, 2013). As RAS is one of the few oncogenes that stimulate—rather than 

suppress—autophagy, it will be interesting to determine whether this requirement for 

autophagy is conserved in other oncogenic contexts.

5.1.2 Glucose metabolism—Many tumors preferentially use aerobic glycolysis, which 

allows for the accumulation of metabolic intermediates required for anabolism (Hsu & 

Sabatini, 2008). CMA and selective macroautophagy both play important roles in regulating 

the shift to aerobic glycolysis in cancer cells. CMA is upregulated in diverse tumor types 

and is necessary for tumor growth and metastasis in lung cancer cells, and inhibition of 

CMA decreases the rate of glycolysis characteristic of tumor growth (Kon et al., 2011). 

More specifically, CMA controls the levels of the metabolic enzyme PKM2 (Fig. 2.4A), 

which is often upregulated in many tumor types and particularly glioblastoma. The PKM2 

isoform of pyruvate kinase is slower at metabolically converting phosphoenolpyruvate to 

pyruvate than the M1 isoform; this causes glycolytic intermediates to accumulate and drives 

tumor cell proliferation and growth by promoting key biosynthetic side reactions in the 

glycolytic pathway. CMA can selectively degrade PKM2, thereby regulating the levels of the 

metabolic intermediates, glucose-6-phosphate and fructose-1,6-bisphosphate, and the levels 

of ATP (Lv et al., 2011). Recently, PKM2-specific deletion was shown to have increased 

mammary tumor formation driven by Brca-1 deletion (Israelsen et al., 2013), consistent with 

the notion that cancer cells prefer low pyruvate kinase activity. Therefore, the degradation of 

PKM2 by CMA may promote tumor progression.

The number of mitochondria present also regulates the shift to anaerobic metabolism. 

BRAF-driven melanoma cells decrease the rate of mitochondrial biogenesis in order to shift 

from oxidative phosphorylation to glycolysis (Haq et al., 2013; Ho et al., 2012; Vazquez et 

al., 2013). If mitophagy is aberrantly activated, decreased numbers of mitochondria shift the 
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cells to glycolysis in a similar mechanism to BRAF regulation of mitochondrial biogenesis 

(Fig. 2.4B). RCAN1-1L, whose expression is increased in response to oxidative stress, can 

open the MPT pore and decrease ATP levels. This inhibits mTOR signaling via AMPK, 

resulting in increased mitophagy and a shift to glycolysis (Ermak et al., 2012). In addition to 

shifting the metabolic pathways to preferentially use glucose, autophagy also facilitates 

glucose uptake (Fig. 2.4A) and glycolytic flux in RAS-transformed cells, which is required 

for adhesion-independent proliferation (Lock & Debnath, 2011; Lock et al., 2011).

5.1.3 Amino acids—In addition to glucose, amino acids are necessary for cancer cell 

growth. In yeast, autophagic breakdown of proteins during starvation generates cytosolic 

amino acid pools crucial for survival (Onodera & Ohsumi, 2005). Amino acids feed into 

cataplerotic pathways and can be used to maintain biosynthetic capacity in rapidly dividing 

cancer cells. Glutamine, the most abundant amino acid in mammalian cells, is important in 

cancer progression as a metabolic intermediate (DeBerardinis et al., 2008; Gaglio et al., 

2011). As glycolytic rates increase, tumor cells rely increasingly on glutamine to replenish 

the TCA cycle and maintain ATP production (Burgess, 2013). In pancreatic cancer, 

glutamine feeds into glutaminolysis, utilizing steps in the TCA cycle to generate NADPH, 

maintain the cellular redox state, and provide metabolites for anaplerosis (Son et al., 2013). 

In wild-type MEFs, loss of autophagy was also found to decrease the levels of intracellular 

glutamine and also mimic the metabolic changes associated with glutamine depletion, 

indicating that autophagy normally helps to maintain intracellular stores of glutamine. 

However, in the same study, glutamine deprivation did not increase the levels of autophagy, 

and the Atg5 mRNA level decreased (Lin et al., 2012). Therefore, how autophagy may 

increase specific amino acids during deprivation remains to be defined.

5.1.4 Lipids—Lipid metabolism is altered in cancer—tumor cells reactivate de novo lipid 

synthesis, ATP-citrate lyase is required for transformation in vitro, cholesterol synthesis in 

prostate cancer is increased, and fatty acid oxidation is an important source of energy for 

prostate cancer cells (Santos & Schulze, 2012). Autophagy in the specific form of lipophagy 

is important for the degradation of lipid droplets in the adipose tissue (Singh & Cuervo, 

2012), and autophagy regulates lipid metabolism in hepatocytes as triglyceride hydrolysis is 

impaired in Atg5−/− cells (Singh et al., 2009). Whether these processes affect tumor lipid 

metabolism requires further study.

Additionally, autophagy impacts lipid metabolism by altering the mitochondrial number. 

Atg7 deleted, p53 mutant cells in a KRAS-driven NSCLC model have intracellular lipid 

accumulation because of increased dysfunctional mitochondria that compromises fatty acid 

oxidation, suggesting that autophagy is crucial to maintain lipid metabolism in KRAS and 

p53 mutant cells. This prevents the efficient growth of tumor cells and turns them into lipid 

cysts instead of tumors (Guo et al., 2013).

5.2. Autophagy promotes cell survival under metabolic stress

As discussed earlier in the text, autophagy is strongly activated under periods of oxidative 

and metabolic stress, and depending on the extent and severity of stress, autophagy serves to 

prolong cell survival in the primary tumor and possibly also during tumor dissemination and 
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metastasis (Fig. 2.4C). In melanoma cells driven by oncogenic Ras or MEK, the removal of 

leucine does not induce autophagy to the same extent as nontransformed, immortalized 

melanocytes. The aberrant activation of mTOR via Ras prevents autophagy induction and 

the cells are sensitized to apoptosis, presumably because translation continues although the 

lost leucine is not recycled intracellularly (Sheen, Zoncu, Kim, & Sabatini, 2011). Following 

growth factor withdrawal, autophagy is essential for maintaining cell survival in apoptosis-

deficient hematopoietic cells and can sustain viability for several weeks. IL3-deprived cells 

become less glycolytic and use autophagy as a catabolic process to maintain mitochondrial 

respiration and levels of ATP (Lum et al., 2005). Increased autophagy regulated by the 

PI3K/AKT/mTOR pathway prolongs cancer cell survival under acidic environment stress 

produced by glycolysis (Wojtkowiak et al., 2012). Autophagy also prevents ER stress-

induced cell death during protein overproduction (e.g., induced by oncogenes such as Myc) 

by clearing excess and misfolded proteins (Tomohiro & Klionsky, 2007). Indeed, Myc-

driven tumors have increased cell growth, ER stress, and metabolic rate, and autophagy 

inhibition enhances therapy-induced apoptosis in a Myc-driven model of lymphoma 

(Amaravadi, Yu, & Lum, 2007; Dang, 1999; Miller, Thomas, Islam, Muench, & Sedoris, 

2012).

5.3. Autophagy in the tumor stroma

Autophagy prolongs tumor cell survival under stressful conditions. It should be noted that 

the acidic, hypoxic, or nutrient-starved environment also induces autophagy in the 

surrounding stromal cells, which promotes tumor growth (Fig. 2.4D). Serum-deprived 

mesenchymal stem cells induce autophagy and support MCF7 growth in xenograft models 

by secreting growth factors and antiapoptotic factors (Sanchez et al., 2011). While 

autophagy-induced senescence in cancer cells limits growth, autophagy-induced senescence 

in the tumor stroma may promote cancer by enhancing the senescence-associated secretory 

phenotype (SASP) and promoting the secretion of growth factors and cytokines that enhance 

tumor progression (Capparelli, Chiavarina, et al., 2012; Capparelli, Guido, et al., 2012; 

Capparelli, Whitaker-Menezes, et al., 2012; Maes, Rubio, Garg, & Agostinis, 2013).

In addition to modulating secretion in senescent fibroblasts, autophagy in cancer-associated 

fibroblasts (CAFs) may directly fuel cancer cell metabolism. Autophagic senescent CAFs 

release metabolites such as glutamine, ketone bodies, and glycolytic intermediates that may 

promote tumor growth and metastasis. These studies raise the possibility that autophagy in 

the tumor stroma is important for the continued growth of the tumor (Ko et al., 2011; 

Martinez-Outschoorn et al., 2010; Salem et al., 2012).

5.4. Autophagy inhibition in cancer therapy

The increased dependence of tumors on altered metabolism is an attractive therapeutic 

target. In addition to targeting metabolic enzymes, targeting autophagy may provide a 

similar benefit. However, such an approach is complicated by the multifaceted role of 

autophagy in tumor formation and progression (Cheong, Lu, Lindsten, & Thompson, 2012). 

Increased autophagy has been observed in tumor cells following numerous anticancer 

treatments and is proposed to represent a common adaptive stress response that enables 

tumor cells to survive these therapeutic insults (Fig. 2.4C). This has motivated significant 
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interest in combining autophagy inhibition with other agents to synergistically eliminate 

cancer cells. Readers are referred to several reviews for additional information (Amaravadi 

et al., 2011; Eisenberg-Lerner & Kimchi, 2009; Høyer-hansen & Jäättelä, 2008).

Notably, certain targeted therapies that enhance autophagy in vitro may benefit from 

combined autophagy inhibition. Autophagy is upregulated in response to erlotinib in 

NSCLC cell lines and combined treatment with chloroquine, an antimalarial that inhibits 

autophagy, enhances erlotinib sensitivity (Li, Lam, Mak, Zheng, & Ho, 2013). Similarly, 

gastrointestinal stromal tumors exhibit enhanced autophagy in response to imatinib, which 

lessens the therapeutic benefit. Combined inhibition of autophagy with imatinib treatment 

increased the number of cells undergoing apoptosis, both in vitro and in vivo, and reduced 

the outgrowth of resistant cells (Gupta et al., 2010). Moreover, upon treatment with the 

VEGF-neutralizing antibody bevacizumab, increased autophagy due to hypoxia promotes 

tumor cell survival and resistance to this antiangiogenic therapy (Hu et al., 2012). In 

contrast, inhibition of erlotinib-induced autophagy in human NSCLC xenografts in vivo by 

inducible expression of a Beclin 1 tyrosine phosphomimetic mutant resulted in partial 

chemoresistance (Wei et al., 2013), suggesting that the effects of autophagy inhibition may 

vary depending upon the autophagy step targeted, in vitro versus in vivo studies, or due to 

other differences in tumor type or experimental systems.

In the previously mentioned examples, autophagy is targeted due to its induction in response 

to therapy, but autophagy inhibition can also synergize with therapies that do not normally 

promote autophagic flux. For example, combining autophagy inhibition with 

immunotherapy could increase efficacy. Hypoxia-induced autophagy prevents lung cancer 

cells from cytolytic T-cell mediated cell death, but inhibition of autophagy combined with 

immunotherapy may provide a powerful and tumor-specific therapy (Noman et al., 2011). 

Another synergistic approach involves targeting the proteasome pathway and autophagy in 

tumor cells that are prone to ER stress. Autophagy inhibitors in combination with 

proteasome inhibitors increase suppression of proliferation and induce apoptosis in 

hepatocellular carcinoma (Hui et al., 2012). Additional studies in multiple myeloma cells 

also show the same increased sensitivity to the combination of proteasome inhibitors and 

autophagy inhibitors in vitro (Kawaguchi et al., 2011).

Importantly, one should recognize that many studies of autophagy inhibition as anticancer 

therapy have employed the lysosomal inhibitor HCQ. Hence, an important caveat for these 

experiments is that the cytotoxic effects of HCQ and similar agents are likely to involve 

processes other than autophagy. To date, the precise contributions of autophagy inhibition 

toward the efficacy of these antimalarials remain uncertain. Moreover, compensatory 

pathways, such as CMA, may influence the efficacy of autophagy inhibition as a therapeutic 

approach. For example, autophagy inhibition in combination with the HDACi vorinostat in a 

sensitive T-cell lymphoma cell line results in decreased cell death, but the resulting 

vorinostat-resistant sub-clones become partially resensitized by the inhibition of CMA 

(Dupéré-Richer et al., 2013).

While it remains controversial whether autophagy can mediate cell death, several studies 

demonstrate that genetic knockdown of autophagy blocks tumor cell death induced by 
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oncogenic RAS (Elgendy, Sheridan, Brumatti, & Martin, 2011) or by various 

chemotherapeutic agents (Janku, McConkey, Hong, & Kurzrock, 2011; Notte, Leclere, & 

Michiels, 2011). Furthermore, acute inhibition of autophagy can limit chemotherapy 

responses in vivo by preventing autophagy-dependent anticancer immune responses 

(Michaud et al., 2011). Thus, additional studies are needed to further clarify the contexts in 

which autophagy inhibition will be beneficial in the treatment of cancer, but as these studies 

have shown, autophagy inhibition as a clinical therapy will not be straightforward.

6. CONCLUSION

Autophagy and metabolism in cancer cells are inexorably linked. The cross regulation of 

these processes acts to buffer cancer cells from the environmental and internal stresses 

caused by excessive proliferation. As more targeted therapies are being designed and tested, 

unintended consequences on autophagy, both positive and negative, must be considered in 

order to predict and combat side effects and resistance mechanisms. Therefore, further 

understanding of how autophagy contributes to cancer cell metabolism will provide insight 

into how to better treat cancers.
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Figure 2.1. Overview of the autophagy trafficking process
The process of macroautophagy occurs in a series of distinct steps: (1) initiation of the 

isolation membrane (IM); (2) nucleation; (3) elongation of the double-membrane structure to 

form the autophagosome (AP); and (4) fusion to endosomes and lysosomes ultimately 

results in the formation of an autolysosome, in which the contents are degraded. (A) 

Initiation is mediated by the ULK complex. Activation of ULK activity leads to the 

phosphorylation of FIP200 and ATG13 and initiates nucleation via interaction with the 

Beclin 1 complex. (B) Beclin 1/VPS34/ATG14/PIK3R4 (p150) complex interacts with 

multiple interacting partners that positively and negatively regulate Beclin 1/VPS34 lipid 

kinase activity, resulting in the fine-tuning of autophagosome nucleation. (C) Elongation 

requires two ubiquitin-like conjugation pathways that form the ATG12–ATG5/ATG16 

complex and phosphatidylethanolamine (PE)-conjugated LC3.
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Figure 2.2. Chaperone-mediated autophagy
Chaperone-mediated autophagy is an additional route by which proteins are degraded in the 

lysosome. HSC70 binds to proteins with a KFERQ pentapeptide motif, assists in protein 

unfolding, and delivers the targeted protein directly to the lysosome for degradation via 

interaction with lysosome-associated membrane protein 2A (LAMP2A).
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Figure 2.3. AMPK and mTORC1 as metabolic regulators of autophagy
The control of autophagosome formation and turnover is tightly controlled by many 

upstream metabolic stimuli. Metabolic input (A), such as concentrations of ammonia, 

general and specific amino acid levels, ATP to ADP ratio, and signals of growth and stress 

such as growth factors, reactive oxygen species, and palmitate, signals to initiate 

autophagosome formation and inhibits turnover either through signaling intermediates (B) or 

by directly inhibiting or activating key autophagy-related proteins (C). AMPK1 and mTOR 

are the main signaling integrators and modulators of autophagy—they sense glucose and 

amino acid levels and act on ULK1/2, ATG13, and Beclin 1 to inhibit autophagy in times of 

plenty and promote autophagy under energy-lean circumstances.
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Figure 2.4. Tumor-suppressive roles of autophagy
(A) Autophagy prevents p62/NRF2 pathway prosurvival, proangiogenic, and 

proinflammatory signaling. During hypoxia, p62 binds to and sequesters KEAP, thereby 

preventing ubiquitination of NRF2. NRF2 can then promote transcription of prosurvival, 

proangiogenic, and proinflammatory genes that enhance tumor growth. When autophagy is 

active, p62 is degraded by sequestration within the autophagolysosome, thereby allowing 

ubiquitination and degradation of NRF2. (B) Autophagy prevents necrosis and inflammation 

by promoting survival in stressed cells. Tumor cells with decreased autophagy (AΦ) are 

more prone to necrosis following stress, which recruits macrophages, promotes 

inflammation, and fuels tumor growth. (C) Autophagy promotes oncogene-induced 

senescence by enhancing the senescence-associated secretory phenotype (SASP). (D) 

Autophagy suppresses reactive oxygen species (ROS) accumulation and genomic damage, 

which helps prevent genomic instability—an important driver of tumorigenesis. The 

mitochondria produce ROS under normal metabolic conditions and may increase the 

production of ROS when damaged. Mitophagy is upregulated in response to ROS and clears 

excess and damaged mitochondria, which then mitigates ROS production.
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Figure 2.5. Tumor-promoting roles of autophagy
(A) Autophagy promotes glucose uptake and glycolytic flux. Autophagy has been shown to 

promote glucose uptake in cancer cells, although the mechanism remains to be elucidated. 

Additionally, increased chaperone-mediated autophagy (CMA) promotes degradation of 

PKM2, a rate-limiting glycolytic enzyme. Thus, CMA can control the rate of flux through 

glycolysis and whether glycolytic intermediates are used for energy production or 

anaplerosis. (B) Autophagy selectively degrades the mitochondria and therefore the 

machinery necessary for fatty acid oxidation and oxidative phosphorylation. This enhances 

the shift to glycolysis, which is characteristic of cancer cells. (C) Autophagy promotes 

survival in response to metabolic stress such as growth factor deprivation, acidic 

environment, and ER stress by recycling cytoplasmic material in order to maintain the basal 

energy state and clear damaged, misfolded proteins. This process may also be important for 

survival during tumor dissemination and metastasis. (D) Autophagy in stromal cells induced 

by the hypoxic and acidic tumor microenvironment promotes the secretion of metabolites 

and growth signals via senescence-associated secretion phenotype (SASP) that enhances 

tumor cell growth.
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