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Abstract

Autophagy is an evolutionarily conserved lysosome/vacuole-dependent catabolic pathway in 

eukaryotes. Autophagy functions basally for cellular quality control and is induced to act as an 

alternative source of basic metabolites during nutrient-deprivation. These functions of autophagy 

are intimately connected to the regulation of metabolism, and the metabolic status of the cell in 

turn controls the nature and extent of autophagic induction. Here we highlight the co-regulation of 

autophagy and metabolism with a special focus on selective autophagy that, along with bulk 

autophagy, plays a central role in regulating and rewiring metabolic circuits. We outline the 

metabolic signals that activate these pathways, the mechanisms involved, and the downstream 

effects and implications while recognizing yet unanswered questions. We also discuss the role of 

autophagy in the development and maintenance of adipose tissue, an emerging player in systemic 

metabolic homeostasis, and describe what is currently known about the complex relationship 

between autophagy and cancer.

eTOC blurb

The integral regulatory interplay between autophagy and the cellular metabolic landscape is vital 

during development, essential for physiology, and crucial for preventing the occurrence of disease 

states. Klionsky and colleagues highlight the critical links between autophagy, especially selective 

autophagy, and metabolic homeostasis, and explores the mechanisms that govern these processes.

Introduction

Autophagy is a highly conserved eukaryotic pathway for maintaining cellular homeostasis 

through the degradation of superfluous and/or damaged intracellular materials. Autophagy 

can be either selective or non-selective. Non-selective autophagy describes the random 
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engulfment and subsequent degradation of cytoplasmic material such as proteins and/or 

organelles (Dikic and Elazar, 2018). This process occurs continuously at a low, basal level 

facilitating the turnover and recycling of cytoplasmic contents but is also upregulated under 

conditions of nutrient deprivation. During starvation, degradation by non-selective 

autophagy provides simple macromolecules that can be utilized for essential anabolic 

synthesis. In addition, several forms of selective macroautophagy are now recognized, 

revealing a dynamic role of autophagy in cellular metabolism (Mizushima and Komatsu, 

2011). Discriminant selection of autophagic cargo allows for the removal of dysfunctional/

superfluous organelles as well as the generation of specific nutrients in response to 

environmental changes, thereby promoting cell survival and organismal health. Among other 

roles, selective autophagy allows the cell to adapt to lipid imbalance, glucose scarcity, amino 

acid deprivation, and iron shortage, and also facilitates cellular remodeling to accommodate 

major shifts in metabolism (Gatica et al., 2018).

Due to its diverse roles in maintaining metabolic homeostasis, autophagy plays a major role 

in general metabolic health and organismal development; autophagic imbalance has been 

linked to several mammalian pathologies including diabetes (Marasco and Linnemann, 

2018), neurodegeneration (Frake et al., 2015) and cancer (Galluzzi et al., 2015). Autophagy-

deficient mouse embryos die within a day of birth (Kuma et al., 2004), and adult mice 

induced to be autophagy-deficient die within 24 h of starvation due to hypoglycemia. Even 

when grown with sufficient food, these autophagy-deficient adults die in less than three 

months due to increased susceptibility to infection and neurodegeneration (Karsli-Uzunbas 

et al., 2014). Autophagy in mouse hypothalamic neurons regulates food intake and 

organismal energetics (Kaushik et al., 2011). Autophagy may also regulate circadian 

metabolic cycles by degrading core circadian proteins such as CRY1 (Toledo et al., 2018). A 

recent study in mice revealed the potential benefits of basal autophagy upregulation. 

Upregulated autophagy increases median lifespan by 12% and decreases susceptibility to 

age-related diseases such as cancer (Fernandez et al., 2018). These studies highlight a 

central role for autophagy in metabolic maintenance. This review will describe the various 

autophagic mechanisms that cells employ to combat metabolic perturbations and will touch 

on how these responses are important for systemic metabolism in health and disease.

Overview of autophagic mechanisms

The general mechanism of autophagy can be summarized as cargo deposition in the 

lysosome/vacuole, followed by cargo degradation by hydrolytic enzymes, and efflux of the 

resulting breakdown products into the cytosol. However, autophagy may be classified based 

on the mechanism of cargo entry:

Macroautophagy

Macroautophagy (hereafter referred to as autophagy) begins with the initiation of the 

double-membrane phagophore by the ULK complex. The ULK complex is comprised of 

ULK1 (Atg1 in yeast) or ULK2, and several interacting proteins: ATG13, RB1CC1 and 

ATG101. ULK1 phosphorylates several components of the PIK3C3/VPS34 kinase complex 

that contains, in addition to PIK3C3/VPS34, PIK3R4/VPS15, BECN1, NRBF2 and other 
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regulatory proteins such as ATG14, AMBRA1, SH3GLB1, RUBCN or UVRAG (Kihara et 

al., 2001; Itakura et al., 2008; Youle and van der Bliek, 2012). Phosphorylation of ATG14, 

BECN1, and/or AMBRA1 by ULK1 promotes PIK3C3/VPS34 activation and, in some 

cases, recruitment to the endoplasmic reticulum (ER) (Di Bartolomeo et al., 2010; Russell et 

al., 2013; Park et al., 2016a; Park et al., 2018). In mammals, activated PIK3C3/VPS34 

produces local pools of phosphatidylinositol-3-phosphate (PtdIns3P) that define the region 

of phagophore initiation. One model suggests that PtdIns3P at the ER promotes the 

formation of omegasomes that act as sites of phagophore initiation (Ktistakis and Tooze, 

2016). Subsequently, and possibly after detachment of the omegasome from the ER, 

membrane recruited from diverse sources including the ER, Golgi apparatus, plasma 

membrane and recycling endosomes (Axe et al., 2008; Knaevelsrud et al., 2013) feeds the 

expanding phagophore by a still poorly understood mechanism involving ATG9-containing 

vesicles. In contrast, a recent model proposes that phagophores evolve from RAB11A-

enriched recycling endosomes. According to this model, RAB11A, along with PtdIns3P, 

plays a determining role in the recruitment of the early autophagy machinery. This suggests 

that recycling endosomes are primary platforms from which phagophores originate while the 

ER may contribute secondarily (Puri et al., 2018). A contribution of RAB11A-containing 

recycling endosomes to autophagosome formation in response to viral infection has also 

been suggested (Kuroki et al., 2018). In yeast, phagophore initiation occurs at the 

cytoplasmic phagophore assembly site (PAS). Here it is thought that tethering of Atg9-

containing vesicles by the Atg1 kinase complex drives phagophore formation (Orsi et al., 

2012).

Two essential ubiquitin-like conjugation systems drive autophagy. This machinery functions 

to covalently conjugate Atg8 (in yeast) and Atg8-family proteins (in mammals) to the 

phagophore membrane. The ubiquitin-like ATG12 protein is conjugated to ATG5 via the E1-

like enzyme ATG7 and the E2-like enzyme ATG10. After processing by the protease, ATG4, 

Atg8-family proteins undergo conjugation to phosphatidylethanolamine (PE). This process, 

known as Atg8 lipidation, is mediated by the E1-like ATG7 and E2-like ATG3 enzymes, and 

the role of an E3-like ligase is filled by a complex between ATG12–ATG5 and ATG16L1 

(Feng et al., 2014) (Figure 1). Mammalian Atg8-family proteins are split into two 

subfamilies: the MAP1LC3/LC3 family and the GABARAP family (Yu et al., 2018). 

Lipidation of Atg8/Atg8-family proteins allow for attachment to the phagophore where they 

recruit proteins containing an LC3-interacting region (LIR). Some LIR-containing proteins 

facilitate phagophore expansion and closure while others act as receptors, conveying cargo 

specificity to the growing phagophore. Several autophagy proteins are recruited to the 

expanding phagophore through PtdIns3P-interacting motifs such as FYVE and PX domains. 

One such protein is WIPI2 that binds ATG16L1, recruiting the ATG12–ATG5-ATG16L1 

complex to the phagophore (Dooley et al., 2014). Phagophore expansion concludes in 

closure around the cargo at which point the vesicle is called an autophagosome. The 

autophagy protein machinery bound to the exterior membrane of the autophagosome 

dissociates prior to fusion with the lysosome. While the outer membrane of the 

autophagosome fuses with the lysosomal/vacuolar membrane, the inner membrane and 

enclosed contents are degraded by resident hydrolases to generate simple biomolecules such 
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as glucose and amino acids that are released into the cytosol via lysosomal/vacuolar 

membrane transporters (Figure 1).

Several proteins involved in autophagy possess non-autophagy related functions as well 

(Cadwell and Debnath, 2018; Subramani and Malhotra, 2013). This includes the Atg8-

family protein LC3, which modulates immune responses and inflammation by a process 

known as LC3-associated phagocytosis (Cunha et al., 2018; Martinez et al., 2015). ATG5, 

another essential autophagy protein promotes exosome formation by regulating the 

acidification of multivesicular bodies (MVBs) by uncoupling the V1V0-ATPase (Guo et al., 

2017). However, direct metabolic roles for these functions have not been established yet and 

they will not be discussed further in this text.

Chaperone-Mediated Autophagy

Chaperone-mediated autophagy (CMA) describes the HSPA8/Hsc70-dependent selective 

degradation of substrate proteins with an exposed KFERQ-like motif. Post-translational 

modifications (PTMs) allow for a great deal of diversification and regulation of the KFERQ-

binding motif. For instance, a phosphorylated serine, threonine, or tyrosine can serve the 

role of a negatively charged amino acid in the binding motif (Kaushik and Cuervo, 2016). 

Similarly, acetylated lysine was recently shown to complete the CMA binding motif by 

acting as a pseudo-glutamine (Bonhoure et al., 2017). Additionally, PTMs at sites beyond 

the KFERQ motif can regulate recognition by determining whether the KFERQ motif is 

exposed. The dependence of some CMA motifs on PTM for completion allows the subset of 

CMA substrate proteins to change drastically in response to cellular conditions. Binding of 

the HSPA8 chaperone and associated co-chaperones to a substrate protein is followed by its 

lysosome targeting. Here, docking of the HSPA8-substrate complex to the lysosomal 

membrane is mediated by interaction with the cytoplasmic tail of the lysosomal 

transmembrane protein LAMP2A. At the time of HSPA8-substrate binding, LAMP2A is 

either monomeric or homodimeric, but soon after binding, HSPA8 dissociates and LAMP2A 

multimerizes to form a mature translocation complex. HSP90 (heat shock protein 90) 

stabilizes LAMP2A from within the lysosomal lumen, and interactions between GFAP (glial 

fibrillary acidic protein) and EEF1A/EF1α (eukaryotic translation elongation factor 1 alpha 

1) regulate the rate of translocation complex assembly and disassembly (Bandyopadhyay et 

al., 2008; Bandyopadhyay et al., 2010). The substrate protein is unfolded and translocated 

into the lysosomal lumen via the multimeric LAMP2A complex where it is rapidly degraded 

by proteases (Figure 2A).

Approximately 40% of proteins in the mammalian proteome contain a canonical KFERQ-

like motif and several more contain PTM-inducible motifs (Kaushik and Cuervo, 2018), 

indicating that CMA may be a major intracellular protein degradation pathway. Indeed, this 

possibility is validated by studies showing that the selective blockage of CMA leads to the 

upregulation of other degradative pathways such as macroautophagy as well as increased 

proteasomal activity (Massey et al., 2006; Schneider et al., 2015). Conversely, cells 

upregulate CMA when macroautophagy is selectively inhibited, highlighting the concept 

that there is cross-talk between these pathways (Kaushik et al., 2008).
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Microautophagy

Microautophagy describes the process in which autophagic cargo in the cytoplasm enters the 

lysosome (or endosome)/vacuole following a protrusion or invagination and inward pinching 

of the lysosomal (or endosomal)/vacuolar membrane. This results in the formation of a 

lumenal vesicle surrounding the cargo that is degraded along with its contents (Li et al., 

2012). Microautophagy can be non-selective, incorporating cytoplasm randomly, or highly 

specific as is the case in micropexophagy, the selective degradation of peroxisomes by their 

direct sequestration into the lysosome (Oku and Sakai, 2016) (Figure 2B).

Cellular sensors integrate autophagy with cellular metabolic status

In mammals, starvation for 24–48 h induces autophagy in nearly all nucleated cells. 

However, circulating amino acid and glucose levels are relatively stable during this period 

due to the activity of homeostatic circuits involving the breakdown of systemic reserves 

(Galluzzi et al., 2014). Consequently, intracellular nutrient availability for most cells is 

highly dependent on factors influencing nutrient uptake from the extracellular milieu. 

Cellular nutrient uptake is modulated by a plethora of cytokines and hormones, with INS 

(insulin) and IGF1 (insulin like growth factor 1) being critical reporters of the fed state. 

GCG (glucagon) and epinephrine play a major role in conveying a fasting status through the 

GCG and ADRB/β-adrenergic receptors, respectively. Upon activation, these two guanosine-

protein-coupled receptors (GPCRs) stimulate cAMP production. cAMP modulates 

autophagy via PRKA/PKA (protein kinase cAMP-dependent), MTOR (mechanistic target of 

rapamycin kinase), and the MAPK (mitogen-activated protein kinase) signaling cascade, 

although the exact mechanisms are yet to be defined (Lizaso et al., 2013; Wauson et al., 

2014; Franco et al., 2017). While cAMP generally promotes autophagy through PRKA, 

studies indicate that the RAPGEF3/EPAC1 branch of cAMP signaling may reduce 

autophagosome biogenesis and autophagic flux in neurons (Williams et al., 2008) or during 

invasion by certain pathogens (Mestre and Colombo, 2012). Understandably given its major 

role in eukaryotic cell signaling, multiple MAPK pathways are intertwined with autophagy 

including the MAPK/JNK (Haberzettl and Hill, 2013), MAPK/ERK (Martinez-Lopez and 

Singh, 2014) and MAPK/p38 (He et al., 2018) pathways.

At the cellular level, starvation decreases the abundance of key nutrients such as glucose and 

amino acids, which eventually induces a decrease in downstream metabolites including TCA 

cycle intermediates. Importantly, a reduced supply of glucose and amino acids lowers the 

“energy charge” of the cell—the relative abundance of ATP in comparison to ADP and 

AMP. AMP kinase (AMPK) plays a major role in upregulating autophagy primarily, 

although not exclusively, in response to reduced energy charge. Another key regulator of 

autophagy, MTOR complex 1 (MTORC1), is highly responsive to intracellular amino acid 

levels (Figure 3).

AMPK

AMPK is activated in response to energy charge and, to a lesser extent, nutrient status of the 

cell. Significant AMPK activation requires its phosphorylation by upstream kinases, 

principally STK11 (Woods et al., 2003). Binding of AMP stabilizes the phosphorylation 
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status of AMPK and imparts an allosteric effect, both of which are required for full AMPK 

activation. ADP too can bind AMPK but only serves to preserve phosphorylation status 

(Xiao et al., 2007; Xiao et al., 2011; Chen et al., 2012). ATP can competitively bind AMPK, 

making this protein highly responsive to cellular energy availability. AMPK also responds to 

the glucose concentration independent of energy charge (Zhang et al., 2013; Zhang et al., 

2014; Zhang et al., 2017). CAMKK (calcium/calmodulin dependent protein kinase kinase) 

activates AMPK by phosphorylating the same site as STK11; however, CAMKK activation 

is sensitive to intracellular Ca2+ concentration, thus coupling AMPK activation to 

extracellular signals that induce changes in cellular Ca2+ levels as well (Hoyer-Hansen et al., 

2007). A novel and elegant mechanism of autophagy regulation involving AMPK has 

recently been proposed. During glucose starvation, AMPK phosphorylates ACSS2 (acetyl-

CoA synthetase short chain family member 2) exposing a nuclear localization signal. Once 

imported to the nucleus, ACSS2 binds to TFEB and translocates to the promoter region of 

lysosome biosynthesis and autophagy genes. Here, ACSS2 locally generates acetyl-CoA that 

is used for histone H3 acetylation, enhancing gene expression and promoting autophagy (Li 

et al., 2017) (Figure 3).

A large role of AMPK in activating autophagy is the inhibition of MTORC1 through direct 

phosphorylation of its RPTOR subunit as well as via the activating phosphorylation of the 

MTORC1 inhibitor TSC2 (TSC complex subunit 2) (Inoki et al., 2006; Gwinn et al., 2008). 

Inhibition of MTORC1 simultaneously inhibits cellular anabolism and strongly induces 

autophagy. AMPK also phosphorylates BECN1 and PIK3C3/VPS34 subunits stimulating 

autophagic functions of PIK3C3/VPS34 kinase complexes and inhibiting non-autophagic 

functions, respectively (He et al., 2013; Kim et al., 2013). Finally, autophagy is upregulated 

by activating phosphorylation of ULK1 by AMPK (Figure 3). Other specialized AMPK 

signaling outputs have been reviewed elsewhere (Mihaylova and Shaw, 2011; Hardie et al., 

2016). It is, however, interesting to note that increase in lifespan through dietary restriction 

in C. elegans occurs through AMPK activation highlighting the role of AMPK as a 

metabolic sensor (Weir et al., 2017).

MTORC1

The activity of MTORC1 is tied to cellular amino acid levels through several sensors that 

directly or indirectly modulate the activity of RRAG GTPases. RRAG complexes are 

responsible for recruiting MTORC1 to the lysosomal membrane, a necessary step in 

MTORC1 functionality (Sancak et al., 2008; Sancak et al., 2010). MTORC1-associated 

amino acid sensors include the SESN- (Chantranupong et al., 2014; Wolfson et al., 2016) 

and CASTOR- (Chantranupong et al., 2016) family proteins, which, in response to cytosolic 

leucine and arginine, respectively, modulate RRAG activity through the GTPase activating 

proteins GATOR1 and GATOR2 (Bar-Peled et al., 2013; Panchaud et al., 2013). MTORC1 

may also sense leucine indirectly, in a celltype specific manner, through its metabolic 

product acetyl-CoA. Abundance of leucine leads to increased acetyl-CoA levels, which 

activate MTORC1 through acetylation of the RPTOR/RAPTOR regulatory subunit (Son et 

al., 2019). MTORC1 is activated by lysosomal lumenal arginine through an association 

between the Ragulator complex and SLC38A9 (Jung et al., 2015; Wyant et al., 2017). The 

protein SAMTOR is described as a link between MTORC1 activity and intracellular 
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methionine levels (Gu et al., 2017). A role of FLCN-FNIP in amino acid signaling to 

MTORC1 is emerging but remains to be fully elucidated (Meng and Ferguson, 2018). 

Interestingly, RRAG activation is also sensitive to glucose starvation, tying MTORC1 

activation to intracellular glucose levels (Efeyan et al., 2013). Additionally, HK2 

(hexokinase 2), which regulates a rate-limiting step in glycolysis, inhibits MTORC1 through 

direct interaction in the absence of glucose (Roberts et al., 2014). MTORC1 activity is 

coupled to growth factors through a signaling cascade originating from INSR (insulin 

receptor). Ligand binding to INSR activates PIK3C (phosphatidylinositol-4,5-bisphosphate 

3-kinase) that activates AKT/PKB. AKT phosphorylates the MTORC1 inhibitor TSC1/2, 

causing its dissociation from the lysosomal membrane-bound RHEB GTPase and 

subsequent MTORC1 activation (Gingras et al., 1998; Bhaskar and Hay, 2007; Menon et al., 

2014) (Figure 3). A role of amino acids in TSC1/2 deactivation has also been proposed but is 

controversial (Demetriades et al., 2014).

MTORC1 acts to suppress autophagy in nutrient-replete conditions by several mechanisms. 

One such mechanism is the inhibitory phosphorylation of the ULK complex, which hinders 

ULK1 autophosphorylation and AMPK-dependent ULK1 phosphorylation (Kim et al., 

2011). MTORC1 inhibits the PIK3C3/VPS34 kinase complex through phosphorylation of 

the regulatory subunits ATG14, AMBRA1, or UVRAG (Nazio et al., 2013; Yuan et al., 

2013; Kim et al., 2015). MTORC1-mediated repression of autophagy also occurs via the 

phosphorylation of TFEB (transcription factor EB). Nuclear TFEB raises the catabolic 

capacity of the cell by upregulating both autophagy and lysosome biosynthesis (Figure 3). 

Phosphorylation of TFEB by MTORC1 leads to its disabling, cytosolic retention (Martina et 

al., 2012). In addition, phosphorylation of TFEB targets it for ubiquitination leading to 

proteasomal degradation (Sha et al., 2017).

Metabolite sensors

Glucose and amino acid depletion have indirect metabolic consequences that modulate 

autophagy. Amino acid starvation leads to the accumulation of uncharged tRNA that 

activates EIF2AK4/GCN2. EIF2AK4 phosphorylates EIF2S1/EIF2α (eukaryotic initiation 

factor 2 subunit alpha), reducing global translation but promoting the translation of ATF4 

(activating transcription factor 4) that then transcriptionally activates numerous stress-

responsive genes including some involved in autophagy (Deval et al., 2009; Ye et al., 2010; 

B’Chir et al., 2013) (Figure 3). Recently, GORASP2/GRASP55, a structural protein 

responsible for Golgi stacking and reassembly, was proposed as an intracellular glucose 

sensor. During glucose abundance, GORASP2 is O-GlcNAcylated, a PTM that is rapidly 

lost upon glucose starvation. De-O-GlcNAcylated GORASP2 is targeted to autophagosomes 

where it interacts with the lipidated form of LC3 (LC3-II) and subsequently with LAMP2 on 

the lysosomal membrane to promote autophagosome-lysosome fusion (Zhang et al., 2018).

Several groups have demonstrated that autophagy may be induced by the administration of 

free fatty acids (FFAs), both saturated and unsaturated. The mechanism of autophagy 

induction differs between these two classes with saturated FFAs activating PIK3C3/VPS34 

kinase complexes through AMPK, MAPK8/JNK1, and EIF2AK2/PKR (Komiya et al., 2010; 

Shen et al., 2012; Niso-Santano et al., 2015). Although fatty acids are energy-rich nutrients, 
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their abundance can be an indicator of starvation; an early response to starvation is the 

mobilization of fatty acids from intracellular stores. However, whether the intracellular 

generation of free fatty acids mediates the activation of autophagy by itself or in conjunction 

with other metabolites in vivo is yet to be established.

β-oxidation of FFAs in mitochondria feeds the TCA cycle by generating acetyl CoA. Under 

severe, prolonged starvation, free fatty acid stores dwindle, and acetyl CoA levels begin to 

drop due to consumption from several cellular processes. Without acetyl-CoA, acetylases 

lack an acetyl group donor, resulting in a shift in the proteome toward the deacetylated state. 

This favors both the transcriptional expression of pro-autophagic genes and the derepression 

of existing autophagic proteins (Eisenberg et al., 2014; Marino et al., 2014). Additionally, 

without acetyl-CoA to feed the TCA cycle, regeneration of NADH slows, shifting the 

cellular equilibrium toward the oxidized form, NAD+. Increased NAD+ levels activate SIRTs 

(sirtuins), a family of NAD+-dependent class III histone deacetylases. SIRTs induce 

autophagy through multiple mechanisms including the activation of FOXO (forkhead box 

protein O) transcription factors and core autophagy genes such as ATG5 and ATG7 (Lee et 

al., 2008; Hariharan et al., 2010) (Figure 3). Under some circumstances, cells combat 

diminishing acetyl-CoA levels by converting amino acids to TCA cycle intermediates such 

as α-ketoglutarate. This conversion, however, results in the production of ammonia which 

also induces autophagy, likely through the activation of AMPK and the unfolded protein 

response (Harder et al., 2014).

Hypoxia

Hypoxia may induce autophagy via several mechanisms. Initially, hypoxia results in reduced 

ATP production, and thus, reduced energy charge, activating AMPK. Another major link 

between hypoxia and autophagy is the transcription factor complex HIF-1. HIF1A/HIF1α, a 

critical HIF-1 subunit, is ubiquitinated under normoxia, resulting in its degradation by CMA. 

During oxygen deprivation, HIF1A is not ubiquitinated, allowing HIF-1 to mount a cellular 

hypoxic response (Hubbi et al., 2013; Ferreira et al., 2015). Once activated, HIF-1 promotes 

autophagosome assembly (Bellot et al., 2009; Zhao et al., 2012) (Figure 3). Additionally, 

HIF-1 appears to cross-talk with MTORC1 and MTORC2 (Hudson et al., 2002; Brugarolas 

et al., 2004). Hypoxia is also linked to autophagy though the generation of reactive oxygen 

species (ROS) (Scherz-Shouval et al., 2007; Chen et al., 2009).

Autophagy as a critical component of metabolic homeostasis

1. Autophagy promotes general nutrient/metabolite availability during starvation

In cultured cells, the withdrawal of serum or nutrients swiftly and potently induces bulk 

autophagy, which releases a wide range of metabolites. The degradation of glycogen releases 

glucose for glycolysis. The resulting pyruvate may be converted to acetyl-CoA and utilized 

for the TCA cycle and oxidative phosphorylation. Glucose may also be used for the 

generation of glycolytic intermediates that are substrates for anabolic synthesis. 

Alternatively, glucose-6-phosphate can be shunted into the oxidative pentose phosphate 

pathway to produce ribulose-5phosphate. Ribulose-5-phosphate is a precursor to the 
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synthesis of nucleotides for DNA repair and replication, as well as NAD and NADP 

(Rabinowitz and White, 2010).

Amino acids produced from protein breakdown support the translation of a new set of 

proteins, thereby remodeling the proteome. Alternatively, amino acids may be converted into 

TCA cycle substrates via anaplerotic reactions and subsequently utilized for oxidative 

phosphorylation. For example, alanine is converted to pyruvate, glutamine to α-

ketoglutarate, and aspartate to oxaloacetate. Triglycerides in lipid droplets (LDs) can be 

catabolized to release free fatty acids (FFAs) and glycerol. Glycerol is metabolized via 

glycolysis, whereas FFAs are metabolized in the mitochondria by β-oxidation to form 

acetyl-CoA that fuels the TCA cycle. The breakdown of ribosomal RNAs (rRNAs) provides 

a source of nucleotides. Organelles are also targeted for degradation non-selectively during 

starvation (Galluzzi et al., 2014).

The regulation of autophagy in organisms is more complex. Specific metabolic organs such 

as the liver and adipocytes through neuroendocrine circuits initially sense nutrient scarcity. 

During fed conditions, INS promotes glucose and lipid incorporation in the liver. Upon 

fasting, INS levels are reduced, and increased circulating GCG promotes the degradation of 

hepatic stores. The liver rapidly responds to starvation. Autophagy is upregulated in the liver 

following starvation, and predominantly degrades proteins to recycle amino acids for the 

first 6–8 h. If starvation persists, autophagy switches to the preferential degradation of lipids, 

and CMA is upregulated for the selective degradation of proteins. The mobilization of 

glucose also occurs in response to starvation in the liver (Madrigal-Matute and Cuervo, 

2016).

Mammalian development is dependent on bulk autophagy. During the transition from the 

four-cell stage to the blastocyst, several developmental changes occur that require rapid 

protein synthesis. However, at this stage, the embryo is not supplied with maternal nutrition. 

To meet the increased demand for amino acids, autophagy is upregulated in the pre-

implantation embryo. Mouse embryos that are genetically autophagy deficient (atg5−/− 

mice) and derived from an autophagy-deficient oocyte, thereby lacking maternal autophagy 

proteins/mRNA, do not survive this transition (Tsukamoto et al., 2008). Similar acute 

nutrient deprivation occurs immediately after birth. Neonatal pups deprived of placental 

nutrition suffer from hypoglycemia and hypolipidemia. Access to maternal milk, essential 

for survival during this period, is compromised in autophagy-deficient mice due to suckling 

defects. Neuron-specific restoration of Atg5 restores suckling behavior and survival in the 

atg5−/− mice, highlighting a role for autophagy in neuronal development (Yoshii et al., 

2016). Autophagy also plays a prominent metabolic role during this period. In neonatal 

pups, autophagy degrades proteins and increases the circulating pool of amino acids that 

sustains developmental protein synthesis and supplements energy generated by the 

mobilization of storage carbohydrates and fats (Kuma et al., 2004).

2. Autophagy promotes the availability of specific nutrients/metabolites

The tremendous flexibility in the process of cargo capture and degradation allows bulk 

autophagy to make a wide range of metabolites available for cellular utilization. At the other 

end of the spectrum is selective autophagy that can mobilize specific metabolites as a 
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response to specific cellular requirements. Selective autophagy regulates organellar and 

metabolic homeostasis by promoting the removal of dysfunctional/superfluous organelles 

downstream of metabolic cues. This involves the selective sequestration of specific cargo by 

a receptor that links cargo with LC3-II on the expanding phagophore. These receptors can be 

bona fide cargolocalized proteins or ubiquitin-binding proteins that also bind LC3-II (Figure 

4A; Table 1). In this section, we explore important selective autophagy pathways, the 

mechanisms involved and the metabolic consequences.

2.1. Ribophagy recycles superfluous protein synthetic machinery—Ribosomal 

RNA (rRNA) constitutes up to 80% of total RNA in a eukaryotic cell (Warner, 1999). The 

abundance of ribosomes, especially in actively growing cells, makes them a valuable pool of 

potentially mobilizable nucleic acids and amino acids. Selective autophagic degradation of 

ribosomes (ribophagy) was first described in yeast (Kraft et al., 2008; Ossareh-Nazari et al., 

2010) but has since been found in mammals as well. Autophagic degradation of ribosomes 

also occurs as a part of other selective autophagic pathways such as mitophagy and 

lysophagy (An and Harper, 2018). The ribophagy receptor remained elusive in mammalian 

cells until recently, when NUFIP1 was identified as an autophagy receptor capable of 

binding both ribosomes and Atg8-family members (Wyant et al., 2018) (Figure 4A). 

Deletion of NUFIP1 exclusively prevents the normal decline in ribosomes under starvation 

conditions or upon MTORC1 inhibition; cells lacking functional NUFIP1 are also more 

susceptible to starvation-induced stress. Further, large fluctuations in ribosomal levels 

coincide with normal diurnal cycles in mice, suggesting a yet unappreciated role for targeted 

degradation of ribosomes in mammalian metabolism (Sinturel et al., 2017).

2.2. Lipid droplets are mobilized by the coordinated activation of lipolysis 
and lipophagy—Intracellular fats are stored in the form of LDs that are composed of a 

core of neutral lipid esters wrapped within a single layer of phospholipids and surrounded by 

a coat of structural proteins. Structural proteins, particularly PLINs (perilipins), not only 

shield the LD from the cytosol but also regulate the accessibility of lipogenic and lipolytic 

enzymes (Singh and Cuervo, 2012). LDs are dynamic metabolic stations (Greenberg et al., 

2011) that interact and mediate lipid transfer with mitochondria (Rambold et al., 2015; 

Benador et al., 2018) and possibly other organelles such as the ER (Ozeki et al., 2005) and 

endosomes (Liu et al., 2007). Further, the hydrophobic nature of the LD allows it to bind 

and/or sequester proteins (Prevost et al., 2018). However, the most critical metabolic 

function of LDs is their role as mobilizable energy stores. LD catabolism can be initiated 

downstream of two distinct stimuli: nutrient deprivation and acute LD overload.

LDs may be catabolized by cytosolic lipases such as PNPLA2/ATGL and LIPE/HSL (lipase 

E, hormone sensitive type) (Zimmermann et al., 2004). LDs may also be degraded in the 

lysosome via an autophagy-dependent process known as lipophagy. Although a vacuole-

dependent, autophagy-independent LD utilization mechanism has been proposed in yeast 

(Ouahoud et al., 2018), lipophagy is the major pathway for bulk LD-degradation in 

eukaryotes. Autophagy-incompetent cultured hepatocytes challenged with fatty acid 

overload exhibit increased triglyceride accumulation, as do hepatocytes in the autophagy-

deficient mouse liver on a high-fat diet (Singh et al., 2009a). This provides a basis for 
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metabolic disorders such as Wolman’s disease (Patrick and Lake, 1969) and cholesterol ester 

storage disease (CESD) (Burke and Schubert, 1972) that manifest due to deficiency of LIP 

(lipase, lysosomal acid type). Lipophagy is a critical metabolic pathway in neurons (Kaushik 

et al., 2011), brown adipose tissue (Martinez-Lopez et al., 2016) and macrophage foam cells 

(Ouimet et al., 2011; Lizaso et al., 2013). Basal levels of lipophagy are also required to 

prevent the excessive buildup of LDs (Lim et al., 2014). Although after sustained starvation 

there appears to be a specific sequestration of LDs within autophagosomes, an LD-specific 

autophagy receptor is yet to identified. Degradation of triglycerides and other lipids provides 

FFAs that can be metabolized through β-oxidation. TFEB, upregulated during nutrient 

deprivation (Settembre et al., 2013), is involved in the transcriptional upregulation of 

PPARGC1A (PPARG coactivator 1 alpha) and PPAR (peroxisome proliferator activated 

receptor) (Ghosh and Pahan, 2016), two master regulators of lipid catabolic processes, 

thereby connecting FFA generation to their subsequent utilization.

A proposed mechanism for selective incorporation suggests that nascent autophagosomes 

may form on the surface of the LD and then grow to sequester the LD partially, finally 

sealing off to form mature autophagosomes (Singh et al., 2009a; Singh and Cuervo, 2012) 

(Figure 4B). Interestingly, the lipidated form of LC3 was reported to be present on the LD 

surface (Shibata et al., 2009). Multiple RAB proteins also localize to the LD surface, some 

of which may play a role in regulating lipophagy. β-adrenergic stimulation promotes 

lipophagy in a RAB7-dependent manner (Lizaso et al., 2013). RAB7 may play an essential 

role during starvation-induced lipophagy by promoting the recruitment of lysosomes and 

multivesicular bodies (Schroeder et al., 2015). RAB10 colocalizes with autophagy proteins 

on the LD surface, and its ablation causes hepatocellular LD accumulation (Li et al., 2016).

The prevailing model of LD utilization suggests that LD catabolism occurs via a synergistic 

activation of lipolysis and lipophagy that promotes swift mobilization of lipid stores 

(Schulze et al., 2017). Both mechanisms require the removal of LD-associated PLINs by 

CMA. PLIN2 (perilipin 2) and PLIN3 are CMA substrates, and their degradation is 

upregulated after starvation, facilitated by the phosphorylation of PLIN2 by AMPK 

(Kaushik and Cuervo, 2015). The degradation of PLIN2 and PLIN3 allows both lipolytic 

enzymes and autophagy machinery access to the LD core. In the liver, PNPLA2 positively 

regulates lipophagy via the activation of SIRT1 (Lee et al., 2008; Sathyanarayan et al., 

2017), indicating that lipolytic stimuli that activate PNPLA2 concomitantly promote 

lipophagy (Khan et al., 2015). PNPLA2 possesses a LIR motif and binds LC3 (Martinez-

Lopez et al., 2016), an interaction critical for its LD localization.

In addition to macrolipophagy, the direct microautophagic uptake of LDs into the lysosome 

has also been proposed as a means of LD breakdown. In Saccharomyces cerevisiae, 

microlipophagy—the direct uptake of lipid droplets into the vacuole—is distinct from 

selective macroautophagic pathways (van Zutphen et al., 2014) and has been identified to 

function as a response pathway to chronic lipid imbalance (Vevea et al., 2015).

2.3. Ferritinophagy regulates iron availability—Iron, an essential micronutrient, is 

a cofactor for several enzymes and proteins. Iron-dependent heme synthesis in erythrocytes 

is critical for oxygen transport in mammals. Cytochromes utilize iron as a cofactor. Iron is 
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also involved in the quenching of ROS as a part of antioxidative enzymes such as CAT 

(catalase) (Pantopoulos et al., 2012). Within the cell, iron is incorporated into the iron-

sequestering protein ferritin (Zhao and Enns, 2012) Ferritin is a cage-like protein composed 

of multiple light (FTL) and heavy (FTH1) chain subunits surrounding a micelle of hydrated 

iron (Crichton, 1971; Lawson et al., 1991). The sequestration of iron is essential because 

free iron is prone to cycles of oxidation and reduction, producing detrimental ROS.

Equally important, however, is the regulated release of iron when needed. When the 

bioavailable iron level is low, it is replenished by ferritinophagy—the selective autophagic 

degradation of ferritin (Santana-Codina and Mancias, 2018). Lysosomal degradation of 

ferritin in response to iron depletion is autophagy-dependent in several cell types (Asano et 

al., 2011; Kishi-Itakura et al., 2014). The mechanism of selection, however, was unclear. 

Recently, NCOA4 (nuclear receptor coactivator 4) was identified as the cargo receptor that 

binds ferritin (Mancias et al., 2014), providing a basis for the selectivity. Inhibition of 

autophagy flux leads to an accumulation of NCOA4, confirming its identity as an autophagy 

substrate (Dowdle et al., 2014). NCOA4 binds the FTH1 subunit of ferritin (Mancias et al., 

2015). Interestingly, although NCOA4 associates with multiple Atg8-family proteins in 

vitro, it does not possess a canonical LIR motif as seen with other autophagy receptors. It is 

possible that NCOA4 utilizes noncanonical LIR motifs (von Muhlinen et al., 2012). 

Recently, an ESCRT-dependent pathway that utilizes several autophagy proteins but not the 

Atg8-family, has also been proposed as a lysosomal targeting mechanism for the NCOA4-

FTH1 complex (Goodwin et al., 2017).

The cellular level of NCOA4 is appropriately maintained to ensure regulated ferritinophagy. 

An iron-dependent interaction between NCOA4 and the E3 ubiquitin ligase HERC2 

promotes the ubiquitination and degradation of NCOA4 when iron is abundant. When iron 

concentrations fall, NCOA4 is released and is available for binding and targeting ferritin for 

degradation (Mancias et al., 2015) (Figure 4C). The importance of NCOA4 in iron 

metabolism is highlighted by the massive accumulation of iron seen in several tissues of 

ncoa4−/− mice, especially splenic macrophages that function to reutilize iron from 

phagocytosed erythrocytes (Dowdle et al., 2014). ncoa4-null mice are also predisposed to 

anemia and sensitive to increased dietary intake of iron (Bellelli et al., 2016). Similarly, 

knockdown of ncoa4 leads to deficiencies in erythropoiesis in zebrafish (Mancias et al., 

2015). NCOA4 also regulates the terminal differentiation of human erythroblasts (Gao et al., 

2017). Further investigations will reveal other developmental and metabolic roles of this 

selective autophagy pathway.

2.4. Glycophagy works in concert with glycogenolysis to supply glucose—
Glycogen, a branched polysaccharide, is an important contributor to glucose homeostasis. In 

mammals, excess circulating glucose is taken up by the liver and skeletal muscle and stored 

as glycogen. During periods of glucose scarcity, hormonally regulated glycogen degradation 

releases glucose. Glycogenolysis in skeletal muscle produces glucose that is predominantly 

utilized locally for sustaining muscle contraction. In contrast, glycogen breakdown in the 

liver, as a response to lowered blood glucose, leads to increased circulating glucose for 

systemic utilization (Mandl and Banhegyi, 2018). There are two principal pathways of 

glycogen catabolism: cytosolic glycogen undergoes a phosphorylytic degradation initiated 
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by PYG (glycogen phosphorylase), whereas the glycogen present in the autophagic vacuole 

is hydrolyzed by the lysosomal enzyme GAA (glucosidase alpha, acid). The lysosomal 

targeting of glycogen is mediated selectively by glycophagy.

Glycophagy may rapidly provide glucose for immediate metabolic requirements while 

pathways such as gluconeogenesis are activated (Kuma et al., 2004; Kondomerkos et al., 

2005). At the cellular level, glycophagy is regulated by the cAMP and MTOR pathways 

(Zhao et al., 2018). While not all glycophagy is selective, STBD1 (starch binding domain 1) 

has been identified as the receptor that selectively targets the glycogen particle for 

degradation. STBD1 binds to glycogen via a C-terminal glycan-binding domain and links it 

to the phagophore by its interaction with GABARAPL1 using an N-terminal LIR (Jiang et 

al., 2010; Jiang et al., 2011). The N terminus of STBD1 also contains a hydrophobic region 

that may independently mediate targeting to the phagophore.

In cardiac muscle, glycophagy is important for maintaining energy homeostasis. In the 

rodent heart, the pattern of STBD1 expression during fed and fasted states is sex specific as 

is the susceptibility to diabetic cardiomyopathy due to glycogen mishandling (Reichelt et al., 

2013; Mellor et al., 2014). In Drosophila, autophagy is an efficient form of glycogen 

degradation in the skeletal muscle (Zirin et al., 2013). However, the specific role of 

glycophagy in most tissues in mammals is yet to be determined. The current consensus is 

that glycophagy works in concert with cytosolic glycogenolysis to orchestrate glucose 

metabolism. Unlike the phosphorylytic glycogenolysis, glycophagy produces non-

phopshorylated glucose that can be utilized more rapidly. In mice, fast-twitch muscles that 

contain more glycogen deposits upregulate autophagy more than slow-twitch muscles that 

have lower glycogen supplies (Mizushima et al., 2004; Kaur and Debnath, 2015). The two 

pathways might also differ in terms of the glycogen substrate, and an attractive hypothesis is 

that glycophagy may preferentially target aberrantly branched glycogen particles for 

degradation (Mandl and Banhegyi, 2018). The importance of glycophagy is highlighted by 

the lysosomal storage disorder Pompe Disease that occurs due to the deficiency of GAA. 

The infantile disease presents as progressively lethal skeletal myopathy, respiratory and 

cardiac defects. The root cause lies in dysfunctional lysosomes where the degradation of 

glycogen is impaired, leading to energy deficiency in cardiac and skeletal muscle. 

Therapeutic intervention with the supplementary administration of recombinant human 

GAA has proven to be promising (Kishnani et al., 2007).

3. Autophagy maintains the metabolic circuit

3.1 Mitophagy and pexophagy influence aerobic metabolism—Mitochondria 

maintain cellular metabolism by providing ATP and regulating calcium availability. 

However, dysfunctional mitochondria generate ROS that not only damage cellular 

membranes and DNA but also lead to futile ATP consumption (Lemasters, 2014). 

Furthermore, severely damaged mitochondria release pro-apoptotic molecules that lead to 

cell death (Wang and Youle, 2009). Mitochondrial quality control is consequently a strictly 

regulated process. Mitochondrial maintenance is highly dynamic involving mitochondrial 

biogenesis, fusion, fission, and clearance (Mishra and Chan, 2016). In fact, a common 

mechanism to revive dysfunctional mitochondria involves fusion with healthy mitochondria 
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(Nakada et al., 2001; Youle and van der Bliek, 2012). Mitochondrial stress also activates 

mitochondria-to-nucleus signaling that promotes cellular responses such as the ATFS-1-

dependent mitochondrial unfolded protein response (UPRmt) (Zhao et al., 2002; Haynes et 

al., 2010; Nargund et al., 2012; Melber and Haynes, 2018) and the recently identified Pdr3-

dependent mitochondrial compromised protein response (mitoCPR) (Weidberg and Amon, 

2018). Mitochondria that are terminally damaged are removed through a process of selective 

autophagy called mitophagy. Mitophagy occurs at a low, basal level to continuously replace 

dysfunctional mitochondria, and a stronger mitophagy response may be evoked by increased 

mitochondrial insult. Metabolically active tissues use mitochondrial function extensively to 

meet their energy demands and have high basal levels of mitophagy (McWilliams et al., 

2018) to facilitate mitochondrial turnover.

The mechanisms of mitophagy have been examined in several organisms. In S. cerevisiae, 

the outer mitochondrial membrane (OMM) protein Atg32 is the mitophagy receptor (Kanki 

et al., 2009). BNIP3L/NIX, an OMM protein acts as the mitophagy receptor in 

mitochondrial clearance during erythrocyte differentiation (Sandoval et al., 2008). 

Mitophagy is also induced under hypoxic conditions, where cells rely on anaerobic 

glycolysis, rendering mitochondria superfluous. FUNDC1 is a mitophagy receptor mediating 

hypoxia-dependent mitochondrial clearance (Liu et al., 2012). The inner mitochondrial 

membrane (IMM) protein, PHB2 (prohibitin 2), is a novel IMM-localized mitophagy 

receptor that is required for the clearance of paternal mitochondria in C. elegans (Wei et al., 

2017).

The best-characterized pathway for mitophagy is the PINK1-PRKN pathway that responds 

to the loss of mitochondrial membrane potential. Membrane depolarization prevents the 

mitochondrial import of PINK1 and stabilizes it on the outer membrane (Kondapalli et al., 

2012). PINK1 phosphorylates several substrates including ubiquitin and the E3 ligase PRKN 

which sets in motion a feed-forward loop that promotes large scale ubiquitination of 

mitochondrial membrane proteins (Koyano et al., 2014; Kane et al., 2014; Pickrell and 

Youle, 2015). Heavily ubiquitinated mitochondria are recognized by ubiquitin-binding 

autophagy receptors such as SQSTM1 and OPTN that also bind LC3, thereby linking 

mitochondria with phagophores (Geisler et al., 2010) (Figure 4D). However, most studies 

concerning the PINK1-PRKN pathway utilize the context of acute dissipation of 

mitochondrial membrane potential, precluding the identification of subtle pathways that are 

likely to be critical during pathophysiology (Gatica et al., 2018). A study showed that the 

phosphorylation of ubiquitin by PINK1 is sufficient to induce low-amplitude mitophagy, 

without the need for PRKN activity (Lazarou et al., 2015). Another PRKN-independent 

pathway for mitophagy that involves the recruitment of E3 ligase component RBX1 by 

SQSTM1, has been proposed to mitigate non-alcoholic fatty liver disease (Yamada et al., 

2018). Additionally, mitophagy is independent of PINK1 in several metabolically active 

tissues in mice (McWilliams et al., 2018). A recent investigation concerning the in vivo 

relevance of PINK1 and PRKN has revealed that PINK1 and PRKN-dependent mitophagy 

might be critical in modulating TMEM173/STING-dependent innate immune responses to 

mitochondrial damage. The accumulation of mitochondrial damage leads to mitochondrial 

disruption which promotes inflammation. When subjected to acute or chronic mitochondrial 

stress, the levels of pro-inflammatory cytokines are significantly higher in mice lacking 
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PINK1 or PRKN, indicating that these proteins likely play a critical role in limiting 

inflammation by mediating the timely removal of damaged mitochondria (Sliter et al., 

2018).

The PINK1- and PRKN-dependent generation of mitochondria-derived vesicles (MDVs) 

removes localized, damaged portions of mitochondria (McLelland et al., 2016; Sugiura et 

al., 2014). Recently, piecemeal mitophagy, a process similar to MDV generation but with 

distinct cargo, was proposed to maintain basal mitochondrial homeostasis (Le Guerroue et 

al., 2017). Both mitophagy and MDV formation require mitochondrial fission that 

presumably performs two functions in this context: 1) It isolates portions of mitochondria 

that are damaged or disengages defective mitochondria from the mitochondrial reticular 

network; 2) it reduces the size of the cargo (mitochondria), promoting efficient 

sequestration. Consequently, mitochondrial damage and mitophagy are associated with 

reduced mitochondrial fusion and increased fission.

The peroxisome, involved in purine catabolism and the oxidation of fatty acids, is another 

important site for oxidative metabolism. The β-oxidation of very long chain FAs, branched 

chain FAs and the α-oxidation of phytanic acid exclusively occur in the peroxisome (Cho et 

al., 2018). The peroxisome produces ROS and reactive nitrogen species such as nitric oxide 

that are important regulators of cellular signal transduction pathways. Conversely, to quench 

these reactive species peroxisomes also produce antioxidant enzymes such as CAT 

(Bonekamp et al., 2009). Increased peroxisomal activity is promoted by increased 

peroxisomal protein synthesis by the transcriptional regulator PPARA (Pawlak et al., 2015). 

Conversely, peroxisomes can be selectively targeted for clearance by pexophagy when they 

are no longer beneficial.

Methylotrophic yeasts such as Pichia pastoris highlight pexophagy-mediated metabolic 

switching. The oxidation of methanol to formaldehyde, the first step in methanol 

metabolism, occurs exclusively in the peroxisome. P. pastoris maintains numerous 

peroxisomes when grown in methanol as the sole carbon source (van der Klei et al., 2006). 

When transferred from methanol to ethanol, peroxisomes are degraded by macropexophagy, 

whereas transfer to glucose results in micropexophagy (Tuttle and Dunn, 1995). In S. 
cerevisiae, the mechanism of selectivity for macropexophagy has been partly elucidated. 

ScAtg36 is the pexophagy receptor that links the peroxisomal membrane protein (PMP) 

Pex3 to both Atg11, the selective autophagy scaffold/adaptor protein, and Atg8 on the 

phagophore (Motley et al., 2012). In P. pastoris PpAtg30 is the selective receptor that 

interacts with PpPex3 and PpPex14 (Farre et al., 2008; Farre et al., 2013). As with 

mitophagy, macropexophagy is also promoted by peroxisomal fission (Mao et al., 2014).

In mammals, pexophagy occurs downstream of the ubiquitination of PMPs (Kim et al., 

2008). Initially, PEX3 was identified as a ubiquitination substrate responsible for pexophagy 

induction but was subsequently found to be dispensable for pexophagy (Yamashita et al., 

2014). Other PMPs, PEX5 and ABCD3/PMP70, are ubiquitinated by a mechanism involving 

the E3 ubiquitin ligase PEX2 and play important roles in pexophagy (Sargent et al., 2016; 

Zhang et al., 2015). Ubiquitinated proteins are recognized by SQSTM1 and NBR1, linking 

peroxisomes to the phagophore. Consequently, the depletion of SQSTM1 strongly inhibits 
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pexophagy, whereas the exogenous expression of NBR1 strongly stimulates this process 

(Deosaran et al., 2013; Kim et al., 2008). PEX14 also mediates pexophagy under starvation 

conditions. Interestingly, PEX14 can directly interact with LC3 and, in complex with NBR1, 

promote peroxisome sequestration (Jiang et al., 2015). However, whether the ubiquitination 

of certain PMPs accelerates pexophagy or whether bulk ubiquitination of several PMPs acts 

as the ‘eat-me’ signal is not yet defined.

3.2 Autophagy regulates the levels of metabolic enzymes—Autophagy can 

influence energetics by directing the degradation of specific metabolic enzymes (Madrigal-

Matute and Cuervo, 2016). Because of its selective nature, CMA is an important component 

of this regulatory mechanism. The regulation of the M2 splice isoform of the glycolytic 

enzyme PKM/PKM2 (pyruvate kinase M1/2) by CMA serves as an elegant example. M2 is 

the embryonic isoform of the enzyme while the M1 isoform is expressed ubiquitously in 

adult tissues. The preferential expression of M2 over M1 promotes rapid cell proliferation, a 

mechanism designed for the growth of embryonic cells, but also utilized by lung cancer cells 

(Christofk et al., 2008). M2 has a lower affinity for its substrate phosphoenolpyruvate than 

M1. M2 can also be acetylated under glucose sufficiency, which promotes its CMA-

mediated degradation (Lv et al., 2011). Both factors combine to reduce the conversion of 

phosphoenolpyruvate to pyruvate, consequently reducing glycolytic flux. When abundant 

glucose is available, this mechanism allows for the accumulation of glycolytic intermediates 

for anabolic synthesis, a requirement of rapidly proliferating cells. Consistent with this, 

allografts of M1-expressing cells form smaller tumors than those of M2-expressing cells.

CMA regulates the cellular abundance of several metabolic enzymes and is a critical player 

in maintaining metabolic homeostasis (Kaushik and Cuervo, 2018). A study using tissue-

specific lamp2a knockout in the mouse liver indicated that over 40% of CMA substrates are 

metabolic enzymes. These include a number of glycolytic enzymes as well as enzymes 

involved in triglyceride and steroid synthesis. Expectedly, the selective blockage of CMA in 

these mice leads to a drastic alteration in both lipid and carbohydrate metabolism and 

associated systemic changes such as reduced adipose tissue content, lowered body weight, 

increased energy expenditure and compromised responses to nutritional challenges such as 

starvation and lipid overload (Schneider et al., 2014). The loss of hepatic CMA also leads to 

a pronounced disruption of proteostasis with aging (Schneider et al., 2015). CMA may 

influence metabolic outcomes indirectly as well by regulating the levels of stress-responsive 

proteins such as HIF1A (Hubbi et al., 2013).

Identified in S. cerevisiae, the targeting of FAS (fatty acid synthase) for vacuolar degradation 

is a novel example of autophagy selectively degrading a single protein complex. FAS is a 

large enzymatic complex (Lomakin et al., 2007) that is preferentially delivered to the 

vacuole in an autophagy-dependent manner during nitrogen starvation. This requires 

interaction with Atg8 as well as the activity of Vac8 and Snx4/Atg24, two proteins involved 

in selective autophagy in yeast. FAS degradation during nitrogen starvation may serve to 

prevent the channeling of metabolic fuel for non-essential anabolic reactions because low 

FAS activity promotes cell viability (Shpilka et al., 2015) during starvation. Whether other 

protein complexes are also preferentially targeted by autophagy under similar or different 

conditions will be an interesting avenue for further exploration.
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3.3 Autophagy is involved in proteostasis—The endoplasmic reticulum (ER) is the 

major cellular calcium store but also facilitates sterol synthesis and the folding and targeting 

of secretory pathway proteins. The ER houses chaperones, and the reducing environment 

allows disulfide bond formation (Bravo et al., 2013). The accumulation of unfolded proteins 

within the ER (Ron and Walter, 2007) causes ER stress. In haematopoietic cells, 

tunicamycin-induced ER stress engineers major metabolic alterations including glucose 

uptake and utilization followed by mitochondrial activation, which increase cellular oxygen 

consumption and overall ATP synthesis (Wang et al., 2011). ER stress is also associated with 

obesity, especially in the context of metabolic inflammation-induced dysfunction of the 

adipose tissue (Shan et al., 2017). Reduced protein secretion is another symptom of ER 

stress, altering the concentration of hormones and enzymes in circulation. ER stress is 

mitigated by the unfolded protein response that reduces general protein translation, 

upregulates proteasomal degradation, increases chaperone synthesis and promotes ER 

expansion (Araki and Nagata, 2011). Recovery from ER stress occurs via the removal of 

dilated ER subdomains by a process of selective autophagy known as reticulophagy (Smith 

et al., 2018)..

In yeast, Atg39 and Atg40 are the receptors for ER sequestration (Mochida et al., 2015), 

whereas in mammals RETREG1/FAM134B was the first identified reticulophagy receptor 

(Khaminets et al., 2015). These ER-resident proteins function similarly to known autophagy 

receptors and interact with Atg8-family proteins. RETREG1-dependent reticulophagy 

maintains the volume and structure of the ER, but the role of reticulophagy in recovery from 

ER stress was highlighted by the identification of a second reticulophagy receptor, CCPG1 

(cell cycle progression 1) (Smith et al., 2018). Loss of RETREG1 causes sensory neuropathy 

in mice, whereas CCPG1 hypomorphic mice show impaired pancreatic proteostasis and 

exhibit a loss of polarization in the cells of the exocrine pancreas, underscoring the 

importance of reticulophagy. Sequestration of ER subdomains may also occur downstream 

of microbial infection and help resolve cellular stress (Moretti et al., 2017).

Aggregated proteins in the cytoplasm act as ATP sinks by consuming chaperone activity. 

Several proteins, such as amyloid-β and HTT are prone to aggregation, and these aggregates 

may promote apoptosis or necrosis (Stefani and Dobson, 2003). Aggrephagy—the selective 

degradation of protein aggregates—plays a pivotal role in removing toxic aggregates. The 

CUE domain-containing proteins Cue5 in yeast and its mammalian homolog TOLLIP, 

simultaneously bind to polyQ aggregates and Atg8-family proteins to promote aggregate-

clearance (Lu et al., 2014a; Lu et al., 2014b). The ubiquitination of aggregated proteins 

plays an important role in their autophagy-dependent removal by recruiting autophagy 

receptors SQSTM1, NBR1 and OPTN (Kim et al., 2008; Pankiv et al., 2007; Kirkin et al., 

2009). The SQSTM1-dependent degradation of aggregates also requires WDFY3/ALFY 

(Clausen et al., 2010), which acts as a scaffold for aggrephagy by binding lipids and proteins 

on the autophagosome (Filimonenko et al., 2010; Lystad et al., 2014). Another protein, 

WDR81, specifically interacts with LC3C and promotes aggrephagy (Liu et al., 2017b). 

Ubiquitin-mediated aggrephagy raises the question of substrate choice between autophagy 

and the ubiquitin-proteasome system. Several factors have been proposed to contribute to 

selectivity, including receptor oligomerization around the substrate, size of aggregates, the 
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lysine residues used for linkage as well as the length and nature of the ubiquitin chain 

(Korolchuk et al., 2010; Lu et al., 2017; Verhoef et al., 2002).

Unlike conventionally secreted proteins, the yeast mating-factor is transported directly from 

the cytosol across the plasma membrane by an ABC transporter (Kuchler et al., 1989). The 

identification that IL1B/IL-1β, a mammalian cytokine, lacks a signal sequence (Rubartelli et 

al., 1990), initiated further interest in unconventional forms of protein secretion. An acyl-

CoA binding protein known as AcbA in Dictyostelium and Acb1 in S. cerevisiae is secreted 

unconventionally (Duran et al., 2010; Manjithaya et al., 2010) with the secretion of this 

protein being dependent on autophagosome formation. However, these autophagosomes do 

not fuse with the lysosome/vacuole but rather with the plasma membrane. The secretion of 

leaderless peptides via autophagosomes is known as secretory autophagy (Ponpuak et al., 

2015). The autophagymediated secretion of lysozyme occurs in intestinal Paneth cells in 

response to Salmonella infection. Secreted lysozyme confers protection from the invading 

pathogen (Bel et al., 2017). However, the metabolic consequences of autophagy-dependent 

secretion have not been clarified yet.

Autophagy influences metabolism during development and disease

In this section, we first highlight how autophagy influences systemic metabolism by 

regulating the development of adipose tissue. Adipose tissue works in concert with another 

primary metabolic modulator, the liver, to maintain metabolic homeostasis under conditions 

of nutrient deprivation. Autophagy is critical for the execution of hepatic functions—a 

subject of several excellent reviews (Ueno and Komatsu, 2017; Schneider et al., 2014; 

Madrigal-Matute and Cuervo, 2016). The dynamic and enigmatic role of autophagy in the 

pathogenesis and progression of cancer will be the focus of the second part of this section.

Autophagy in physiology: Adipogenesis and adipocyte maintenance

Adipocytes are specialized mammalian cells that preserve energy in the form of LDs and 

constitute the adipose tissue. Adipose tissue performs a range of metabolic, protective and 

endocrine functions and serves as a source of secreted factors such as TNF/TNFα and CFD/

adipsin. Adipocytes can be white, brown or beige, with particular adipocytes serving specific 

functions (Rosen and Spiegelman, 2014; Zwick et al., 2018). Adipocyte differentiation is 

autophagy dependent. Autophagy is induced during adipogenesis in primary MEF cells, and 

the ablation of autophagy halts the differentiation program at an early stage. These 

undifferentiated cells show higher levels of apoptosis. Consequently, atg5−/− neonatal mouse 

pups show reduced subcutaneous fat deposits (Baerga et al., 2009).

Brown adipose tissue (BAT), constituted by mitochondria-rich, multilocular brown 

adipocytes, is primarily a heat-generating organ. Brown adipocytes express high levels of 

UCP1 (uncoupling protein 1) that uncouples mitochondrial electron transport from ATP 

synthesis. In these specialized adipocytes, LDs are metabolized to free fatty acids for β-

oxidation and the ensuing mitochondrial electron transport builds up a proton gradient that is 

dissipated as heat (Fedorenko et al., 2012). BAT is, therefore, responsible for cold and diet-

induced thermogenesis. Autophagy plays a critical role in the differentiation of brown 
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adipocytes from MYF5+ progenitors. Autophagy inhibition in MYF5+ cells leads to 

impaired BAT differentiation and function in both pups and adult mice, highlighting the 

importance of autophagy in BAT differentiation during the entire lifespan. These mice also 

exhibit glucose intolerance, although defective skeletal muscle development contributes to 

that phenotype (Martinez-Lopez et al., 2013). A role for mitophagy in BAT maintenance has 

also recently been described. Mitophagy is induced in brown adipocytes during cold-induced 

thermogenesis in response to UCP1-mediated mitochondrial stress. This is coupled to 

mitochondrial biogenesis and serves a quality control function required for the preservation 

of BAT function (Lu et al., 2018b).

White adipose tissue (WAT), consisting of unilocular white adipocytes that contain few 

mitochondria, serves as the primary energy reserve in the body; LDs from white adipocytes 

are mobilized as fuel during nutrient deprivation. WAT is also an endocrine organ involved 

in the secretion of the appetite-regulating hormone LEP (leptin) (Kajimura, 2017), making it 

an important hub for metabolic regulation. Autophagy also plays an instrumental role in 

WAT differentiation. Adipocyte-specific atg7 knockout mice exhibit dramatically reduced 

body weight, as a direct consequence of reduced white adipose tissue mass. White 

adipocytes in the mutants are multilocular, show smaller lipid droplets, increased cytoplasm 

and a greater number of mitochondria. However, the mutants do not express markers of 

brown adipocytes, indicating that differentiation has not been rewired along a different fate. 

Consistent with the increase in mitochondria, these mice exhibit increased β-oxidation, 

reduced lipolysis, lower serum fatty acid levels and increased insulin sensitivity. Overall, 

these mice remain lean irrespective of diet (Zhang et al., 2009; Singh et al., 2009b). 

Mitochondrial abundance is a critical difference between white and brown adipocytes, and 

the ‘browning’ of WAT is associated with an increase in mitochondrial number. One of the 

factors that could promote this change is a reduction in mitophagy; recent report suggests 

that PRKN-mediated mitophagy is indeed downregulated during the process (Taylor and 

Gottlieb, 2017). Therefore, autophagy plays an instrumental role in maintaining the balance 

of WAT and BAT.

Beige adipocytes are an inducible form of thermogenic fat cells that reside within WAT. 

Brown and beige adipocytes share several morphological characteristics such as multilocular 

lipid droplets and numerous mitochondria but are developmentally distinct (Harms and 

Seale, 2013). Beige adipocytes express high levels of UCP1 and emerge upon thermogenic 

stimulation. However, upon withdrawal of stimulation, beige cells revert to a non-

thermogenic, white-adipocyte like state and lose UCP1 expression. This reversion occurs 

without the appearance of an intermediate cell type and is prompted by autophagy-

dependent mitochondrial clearance. The genetic deletion of Atg5 or Atg12 or the inhibition 

of lysosomal degradation using chloroquine in beige adipocytes promotes UCP1 retention 

and the maintenance of other beige-cell properties. Mitophagy induction during beige-to-

white transition occurs through the cAMP-PRKA pathway (Altshuler-Keylin et al., 2016) 

and mitophagy in these cells is dependent on PRKN but not the UCP1-mediated loss of 

mitochondrial membrane potential (Lu et al., 2018a). Mice with prolonged maintenance of 

beige adipocytes exhibit decreased susceptibility to diet-induced obesity and insulin 

resistance (Altshuler-Keylin et al., 2016), indicating intriguing therapeutic avenues for these 

diseases.

Lahiri et al. Page 19

Cell Metab. Author manuscript; available in PMC 2020 April 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Autophagy in pathology: The role of autophagy in cancer metabolism

As with normal cells, autophagy is an important regulator of metabolism in cancer cells 

(Kimmelman and White, 2017). The role of autophagy in cancer is dynamic and context 

dependent (Amaravadi et al., 2016). Inhibition of autophagy in mice by mosaic deletion of 

Atg5 or Atg7 promotes the development of liver neoplasms (Takamura et al., 2011; Inami et 

al., 2011). However, these neoplasms do not proceed to malignancy. In contrast, mice with 

monoallelic loss of BECN1, where autophagy is diminished but not absent, develop 

malignant tumors (Qu et al., 2003; Yue et al., 2003). Initiation of tumors in the case of 

partial BECN1 loss may not be solely due to decreased autophagy but also to secondary 

effects on tumor-suppressors such as TP53 (Liu et al., 2011); however, autophagy is critical 

for the maintenance of these tumors. These observations and others, coupled with infrequent 

mutations of core autophagy genes in human cancers (Lebovitz et al., 2015) indicate that 

autophagy may be important for tumor progression.

Autophagy in tumor-suppression: Helping cells protect themselves

In non-malignant cells autophagy is tumor-suppressive (Rybstein et al., 2018) and protects 

the cell from organellar dysfunction, protein-aggregation, redox imbalance, pathogens that 

possess transforming ability(Nakagawa et al., 2004) and genome destabilizers such as 

micronuclei and fragmented chromatin (Bartsch et al., 2017). Several genomic changes that 

compromise autophagy drive oncogenesis. The activation of the MTORC1 activating kinase 

AKT1 reduces autophagy and occurs frequently in cancers (Yi and Lauring, 2016). 

Oncogenic mutations in TP53/p53 that prevent its nuclear localization suppress autophagy 

because cytoplasmic TP53 inhibits ULK1 activation (Morselli et al., 2011). Mutations in 

U2AF1 (U2 small nuclear RNA auxiliary factor 1) that lead to aberrant ATG7 mRNA 

processing (Park et al., 2016b) are common in haematopoietic malignancies (Damm et al., 

2012). The chromosomal translocation of BRD4 to the NUT locus causes an aggressive 

squamous cell carcinoma. BRD4 and the BRD4-NUT fusion protein were recently identified 

as transcriptional inhibitors of autophagy. Autophagy-deficient cells exhibit increased 

sensitivity to mitochondrial damage and ER stress, resulting in genomic instability and 

aneuploidy (Mathew et al., 2007) as well as reduced oncogene-induced senescence (Dou et 

al., 2015).

Autophagy drives tumor formation: Helping meet the metabolic needs of 

tumors

Once oncogenic transformation occurs, the role of autophagy switches, and tumors utilize 

autophagy as a cytoprotective mechanism (Rybstein et al., 2018). A large spectrum of 

tumors upregulate autophagy, a phenomenon associated with poor prognosis (Lazova et al., 

2012). Autophagy fulfills the increased demands for energy and anabolism in rapidly 

proliferating cancer cells, producing simple biomolecules that can be used as energy sources 

or building blocks (Figure 5). Glycolytic flux is dependent on autophagy in genetically 

engineered mouse models (Wei et al., 2011; Lock et al., 2011). An acute systemic ablation 

of Atg7 revealed the importance of autophagy in physiological glucose homeostasis and 

lung tumor maintenance (Karsli-Uzunbas et al., 2014). Pancreatic ductal adenocarcinoma 
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(PDAC), an aggressive cancer of the exocrine pancreas, exhibits MiT/TFE-family-dependent 

transcriptional upregulation of autophagy and lysosomal genes. The inhibition of TFE3 in 

PDAC decreases the pool of available metabolites, including lipids and nucleotides but 

particularly amino acids, highlighting the importance of autophagy in replenishing metabolic 

substrates (Perera et al., 2015). It is not surprising, therefore, that certain cancers such as 

pancreatic cancer show increased levels of basal autophagy (Yang et al., 2011). 

Glioblastomas and lung cancers also show a reliance on AMPK for maintenance of 

bioenergetics and tumor growth (Chhipa et al., 2018; Eichner et al., 2018). Additionally, 

AMPK-dependent upregulation of autophagy may be a mechanism of therapeutic resistance 

(Shteingauz et al., 2018). Indeed, inhibition of autophagy increases tumor sensitization to 

apoptosis (Fitzwalter et al., 2018).

The specific metabolic requirements characteristic of tumors can be met by selective 

autophagy (Guo et al., 2013; Strohecker et al., 2013). Malignant cells also use selective 

autophagy as a quality control pathway to limit organellar dysfunction that detrimentally 

affects tumor growth (White, 2015). Even in the hypoxic regions of tumors, mitochondrial 

oxidative phosphorylation generates a significant amount of ATP. The upregulation of 

oxidative phosphorylation may be a resistance mechanism to metformin in breast cancer 

(Lord et al., 2018). Conversely, damaged mitochondria promote apoptosis. Mitophagy 

removes damaged mitochondria, thereby regulating aerobic metabolism and preventing 

apoptotic signals and ROS-induced damage (Guo et al., 2011; Strohecker et al., 2013; 

Strohecker and White, 2014). Recently, mitophagy has been implicated in the maintenance 

of the cancer stem cell population in hepatocellular carcinoma (Liu et al., 2017a).

Autophagy in the tumor stroma: A helping hand

The metabolic role of autophagy within tumors includes not just its role in the transformed 

cells themselves but expands to the metabolic rewiring of the tumor microenvironment. The 

tumor microenvironment (stroma), including associated fibroblasts and immune cells acts as 

a major source of metabolic fuel for cancer cells (Gouirand et al., 2018). The role of the 

stroma in providing key metabolites such as glutamine (a carbon donor for nucleotide 

synthesis and other anaplerotic reactions), lactate (a substrate for the TCA cycle) and free 

fatty acids has been investigated (Yang et al., 2016; Sonveaux et al., 2008; Wen et al., 2017; 

Romero et al., 2015). Recent findings also indicate that the functions of the stroma, in 

concert with the mutated KRAS oncogene, may influence the epigenome and metabolome of 

the PDAC cells (Sherman et al., 2017).

PDAC forms a highly dense, nutrient-poor and oxygen-limiting tumor (Adamska et al., 

2017). PDAC survival and growth is reliant on metabolic support from stroma-associated 

pancreatic stellate cells (PSCs) that provide PDACs with alanine. Alanine, secreted by the 

PSCs, is converted into pyruvate that can then enter the TCA cycle and oxidative 

phosphorylation (Sousa et al., 2016). This not only allows for increased ATP production 

within the PDAC cells but also makes more glucose available for amino acid or nucleotide 

biosynthesis. PDACs induce autophagy in PSCs leading to protein degradation that releases 

alanine as one of the end products (Figure 5). Consequently, autophagy-deficient PSCs do 

not secrete alanine. PDAC cells, cultured with conditioned medium from PSCs, grow more 
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robustly and show higher levels of oxygen consumption than those cultured without 

conditioned medium, indicating the importance of the secreted alanine. However, 

conditioned medium from autophagy-deficient PSCs cannot promote growth of PDAC cells. 

Consistent with this finding, PSCs were found to have increased autophagy in the context of 

PDAC but not in acute pancreatitis, and the inhibition of autophagy in PSCs is detrimental to 

tumor growth in transplantation models (Endo et al., 2017).

Autophagy has also been implicated in promoting tumor growth by maintaining circulating 

arginine levels (Poillet-Perez et al., 2018). Although arginine is non-essential, arginine 

deficiency is detrimental to several tumor types that downregulate ASS1—an enzyme 

required for the de novo synthesis of arginine, using aspartate as a substrate. Downregulation 

of ASS1 is a metabolic switch adapted by these tumors to prevent the channeling of 

aspartate into arginine synthesis, instead using it for pyrimidine biosynthesis (Rabinovich et 

al., 2015), especially since aspartate is a limiting metabolite in hypoxic regions of tumors 

(Garcia-Bermudez et al., 2018). Conditional, systemic or liver-specific autophagy ablation 

leads to liver stress and increased release of the arginine-degrading enzyme ARG1 (arginase 

1). Consequently, serum arginine levels are lowered leading to arginine deficiency and 

growth inhibition in tumors (Poillet-Perez et al., 2018).

Conclusion and perspectives

Macroautophagy, microautophagy and CMA regulate metabolic decisions and energy flux at 

multiple nodes, making self-digestion an integral part of cellular energetics. Consequently, 

there has been increasing interest in developing tools/drugs targeting these pathways to 

rectify pathological states that are directly or indirectly related to altered metabolism. 

However, this is not trivial given the ubiquitous role of autophagy in physiological 

homeostasis and the increasing recognition of non-autophagy related roles of autophagy-

related proteins. The ideal therapeutic approach would specifically target autophagy-related 

functions of these components in a manner that allows for controlled changes in self-

digestion. This will require further exploration of the basic autophagic mechanisms 

including answers to some of the outstanding questions highlighted in this text. One such 

intriguing area is the mechanism of mitophagy induction and progression in different 

mammalian cell types under physiological (not experimental) conditions, including the 

relevance of PINK1-PRKN and other parallel pathways. Another important issue to be 

mindful of is that a significant portion of our understanding of autophagy in mammals stems 

from studies in knockout mouse models where autophagy is completely abolished. This 

approach brings with it undesired off-target effects including possible unaccounted cellular 

damage and death. Instead, the use of hypomorphic alleles could provide a more accurate 

elucidation of autophagic mechanisms that would be instrumental in enabling the successful 

application of autophagy modulation as a therapeutic intervention for metabolism-related 

diseases.
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Figure 1: The molecular machinery of macroautophagy:
The hallmark of macroautophagy is the double membrane autophagosome that forms by the 

de novo assembly of membrane from various sources. The process begins with the formation 

of the phagophore, a process initiated by the ULK1 and VPS34 complexes. Expansion of the 

phagophore occurs via the continued recruitment of membrane vesicles by ATG9 as well as 

the conjugation of LC3 to the phagophore membrane (to form LC3-II). LC3 conjugation 

involves a two-step ubiquitin-like conjugation pathway involving ATG7, ATG10, ATG3, 

ATG12, ATG5 and ATG16 (refer to text for details). The phagophore expands around the 

cargo, finally closing to form a cargo-containing autophagosome. The autophagosome 

Lahiri et al. Page 39

Cell Metab. Author manuscript; available in PMC 2020 April 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



subsequently fuses with lysosome(s) by the concerted action of Rab and SNARE proteins to 

form the autolysosome. Lysosomal hydrolases degrade the inner autophagosomal membrane 

and the enclosed cargo. The breakdown products, simple macromolecules such as amino 

acids, are subsequently transported out in the cytoplasm by lysosomal transporters for reuse.
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Figure 2: Other mechanisms of self-eating: Chaperone-mediated autophagy (CMA) and 
microautophagy:
(A) In yeast, microautophagy involves the sequestration of cargo by the protrusion/

invagination of the vacuolar membrane followed by an inward scission leading to the 

formation of a cargo-containing lumenal vesicle. This vesicle is subsequently degraded by 

vacuolar hydrolases releasing simple breakdown products. Microautophagy can be non-

selective, degrading cytosolic components randomly, or selective, specifically degrading 

lipid droplets (microlipophagy) or peroxisomes (macropexophagy). Another selective 

microautophagic process, not discussed in the text, is the piecemeal microautophagy of the 

nucleus (PMN) which degrades portions of the nucleus. (B) CMA is a lysosome-dependent 

protein degradation pathway that requires the cytosolic chaperone HSC70. Proteins with an 

exposed KFERQ or KFERQ-like motif are recognized and bound by HSC70. The complex 
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then locates to the lysosomal membrane where the multimerization of LAMP2A allows the 

formation of a conduit for the delivery of the protein into the lysosomal lumen, a process 

facilitated by the lumenal chaperone HSP90. Lysosomal hydrolases break down the protein 

releasing amino acids which are transported into the cytosol.
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Figure 3: An intricate network of regulatory components and signaling pathways influence 
autophagy in response to cellular metabolic status.
Autophagy is regulated at multiple levels by cellular components that respond to specific or 

general metabolic cues. Several proteins such as ATF4, HIF-1, SIRT1 and TFEB modulate 

the expression of autophagy-related genes at the transcriptional level. These pathways are 

sensitive to the abundance of amino acids, oxygen availability, the reduction status of the 

cellular NAD pool and activation status of MTORC1 and AMPK. Expression of autophagy 

genes leads to autophagy induction, depicted as an expanding phagophore. Glucagon signals 

a fasted organismal status and upregulates autophagy through cAMP-dependent pathways. 

Glucose fuels oxidative phosphorylation in mitochondria, providing energy in the form of 

ATP but also generating ROS that indirectly upregulate autophagy. Low cellular energy 

charge activates AMPK in a process that requires upstream kinases such as CAMKK and 

STK11. AMPK promotes autophagy by activating the autophagy-initiating ULK1 and 

VPS34 complexes as well as inhibiting MTORC1 function. MTORC1 inhibits autophagy 

when recruited to the lysosome and activated. MTORC1 recruitment and activation occurs in 

response to the presence of both growth factors such as INS/insulin and an abundance of 

amino acids in the cytosol and lysosomal lumen. While INS signaling occurs through the 

PI3K-AKT-TSC axis, leading to the activation of the small GTPase RHEB, amino acid 

sufficiency is conveyed through the Ragulator complex that impinges on the small GTPases 

known as RRAGs. The RRAG complex represents a heterodimer between RRAGA (or B) 

and RRAGC (or D). Activated MTORC1 inhibits the ULK1 and VPS34 complexes to 

downregulate autophagy (Refer to text for details).

Solid arrows represent upregulation, blunt arrows represent repression and dashed arrows 

represent movement/transport. Gluc, glucose; Met, methionine; Arg, Arginine; Leu, leucine.
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Figure 4: Selective autophagy as a modulator of metabolic homeostasis:
Selective autophagy removes dysfunctional/superfluous organelles downstream of metabolic 

cues. It also provides a source of raw material for several metabolic processes and pathways. 

Selective autophagy involves the sequestration of specific cargo by a LIR-containing 

receptor that links the cargo with LC3-II (see text for details). An example in (A) shows the 

selective targeting of ribosomes to the mitochondria by the ribophagy receptor NUFIP1. 

Designated receptors have not yet been identified for all types of selective autophagy. 

Selective uptake of lipid droplets (B) may simply occur by the formation and expansion of 

the phagophore on the surface of the droplet. (C) Ferritinophagy allows the iron-dependent 
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regulation of Ferritin degradation. NCOA4 is the receptor that targets the iron-storing 

protein Ferritin to LC3-II. Under conditions of ironsufficiency, NCOA4 is ubiquitinated by 

HERC2 via an iron-dependent interaction, leading to NCOA4 degradation. When the 

cellular levels of free iron decline, this interaction is weakened allowing NCOA4 to target 

Ferritin to the phagophore. The degradation of Ferritin releases free iron. (D) Healthy 

mitochondria are the principal source of cellular ATP and regulate multiple metabolic 

circuits. Damaged mitochondria, that are detrimental, are removed by mitophagy. In the 

PINK1-PRKN dependent pathway of mitophagy, the kinase PINK1 which is imported and 

cleaved in healthy mitochondria, and subsequently targeted for cytosolic degradation, is 

stabilized on the OMM (outer mitochondrial membrane). PINK1 phosphorylates ubiquitin 

and the E3 ubiquitin ligase PRKN promoting large-scale ubiquitination of mitochondrial 

OMM proteins. Ubiquitinated proteins are recognized by ubiquitin-binding autophagy 

adaptors such as OPTN and SQSTM1 which also bind LC3-II, promoting mitochondrial 

degradation (refer to text for details). Mitophagy may also be orchestrated by OMM/IMM 

(inner mitochondrial membrane) proteins that directly bind LC3-II and function as 

mitophagy receptors (refer to text and Table 1 for details).
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Figure 5: Autophagy in tumor cells and the stroma sustains tumor progression:
Autophagy is a pro-tumorigenic pathway in transformed cells, helping them survive. Within 

cancer cells, autophagy removes detrimentally damaged mitochondria and helps relieve ER-

stress. Autophagy is also responsible for the removal of toxic, misfolded proteins. The 

recycling of proteins, lipid droplets, glycogen and ribosomes by autophagy promotes energy 

metabolism and anabolic synthesis by providing substrates for metabolic pathways. In 

addition, certain cancer cells like pancreatic ductal adenocarcinoma (PDAC) cells induce 

autophagy in neighboring stromal cells, pancreatic stellate cells (PSCs) in the case of PDAC. 

The degradation of proteins by autophagy in PSCs promotes alanine production and 

secretion. PDACs import alanine, which may be channeled into protein synthesis or, more 

importantly, be converted to pyruvate. This allows an external source for pyruvate and 

subsequent mitochondrial energy production, thereby allowing PDACs to utilize glycolytic 

intermediates for nucleotide synthesis and anaplerotic reactions that fuel growth (see text for 

details).
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Table 1.

Receptors for Selective Autophagy

Process Organism Receptor Cargo Metabolic trigger

Mitophagy Yeast Atg32 Damaged/superfluous mitochondria Hypoxia, mitochondrial 
damage, nonfermentable 
carbon sourceMammal SQSTM1, OPTN, NBR1,

BNIP3L (OMM),
FUNDC1 (OMM), PHB2
(IMM)

Damaged
mitochondria (Ub), Superfluous 
mitochondria

Lipophagy Yeast - Lipid droplet Starvation, lipid overload

Mammal - Lipid droplet

Ribophagy Yeast - Ribosome Amino acid starvation, 
proteotoxicity, DNA
damageMammal NUFIP1 Ribosome

Pexophagy Yeast Atg36, PpAtg30 Peroxisome Shift in carbon source

Mammal SQSTM1, NBR1 Peroxisome (Ub)

Glycophagy Mammal STBD1 Glycogen Starvation

Ferritinophagy Mammal NCOA4 Ferritin Iron insufficiency

Reticulophagy Yeast Atg39, Atg40 Endoplasmic reticulum ER stress recovery, starvation

Mammal RETREG1/FAM134B, CCPG1 Endoplasmic reticulum

Aggrephagy Yeast Cue5 Protein aggregate (Ub) Aggregate
buildup/ubiquitination

Mammal SQSTM1, NBR1, OPTN, 
TOLLIP, WDR81

Protein aggregate (Ub)

The table describes receptor proteins that orchestrate selective autophagy. Autophagy receptors have been highlighted from the yeast and 
mammalian systems. Some receptors are cargo-specific while others, such as ubiquitin (Ub)-binding receptors, are more general. The metabolic 
cues that most commonly trigger these mechanisms have also been listed. Pp, Pichia pastoris.
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