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Autophagy in cancer cell remodeling and quality control

Grace A. Hernandez1, Rushika M. Perera1,*

1Department of Anatomy, Department of Pathology, Helen Diller Family Comprehensive Cancer 
Center, University of California, San Francisco, San Francisco, CA 94143 USA

Abstract

As one of two highly conserved cellular degradation systems, autophagy plays a critical 

role in regulation of protein, lipid, and organelle quality control and cellular homeostasis. 

This evolutionarily conserved pathway singles out intracellular substrates for elimination via 

encapsulation within a double-membrane vesicle and delivery to the lysosome for degradation. 

Multiple cancers disrupt normal regulation of autophagy and hijack its degradative ability to 

remodel their proteome, reprogram their metabolism and adapt to environmental challenges, 

making the autophagy-lysosome system a prime target for anti-cancer interventions. Here we 

discuss the roles of autophagy in tumor progression, including cancer-specific mechanisms of 

autophagy regulation and the contribution of tumor and host autophagy in metabolic regulation, 

immune evasion and malignancy. We further discuss emerging proteomics-based approaches 

for systematic profiling of autophagosome-lysosome composition and contents. Together, these 

approaches are uncovering new features and functions of autophagy, leading to more effective 

strategies for targeting this pathway in cancer.

ETOC blurb

Autophagy plays a critical role in regulation of metabolic homeostasis and cellular quality 

control. Hernandez et al. review how these essential functions of autophagy contribute to 

cancer progression and stress adaptation. They further discuss emerging mass spectrometry-based 

approaches for systematic profiling of autophagosome-lysosome composition and contents in 

health and disease.

INTRODUCTION

Macroautophagy (hereafter referred to as autophagy) is a highly conserved cellular catabolic 

process that occurs at a basal level in virtually all cells and is further increased under 

conditions of stress including nutrient starvation, organelle damage and abnormal protein 

accumulation. Studies in budding yeast first defined a core network of genes required 
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for autophagy (Tsukada and Osumi, 1993), and earned Yoshinori Osumi the Nobel prize 

in 2016. Most of these proteins were subsequently shown to be conserved in mammals 

(Galluzzi et al., 2017). The process of autophagy is a multistep pathway involving several 

protein complexes, accessory proteins and membranes, which coordinate to generate a 

double membrane vesicle that encapsulates intracellular substrates (referred to as ‘cargo’) 

and delivers them to the lysosome for degradation (Mizushima, 2020). Under basal 

conditions autophagy serves to degrade damaged cellular constituents and recycle nutrients 

to maintain the metabolic and energetic state of the cell. These key features of autophagy 

are especially advantageous to cancer cells, such as those harboring activating mutations in 

the Ras and Braf oncogenes (Guo et al., 2011; Lock et al., 2011; Perera et al., 2015; Rao 

et al., 2014; Strohecker et al., 2013; Yang et al., 2011), which display elevated levels of 

basal autophagy to maintain metabolic homeostasis, proteome remodeling and adaptation 

to environmental stress. Therefore, a detailed molecular understanding of each step along 

the autophagy pathway is necessary for developing effective strategies to modulate pathway 

activity in the context of disease. Development of genetically engineered mouse (GEM) 

models of cancer have helped to uncover critical roles for autophagy in tumor cells, as 

well as host organs and supporting cells within the tumor microenvironment in promoting 

tumor growth. Likewise, recent studies have also demonstrated an important role for tumor 

cell autophagy in promoting escape from immune cell detection. Moreover, improvements 

in autophagosome and lysosome isolation coupled to mass-spectrometry based proteomic 

profiling techniques have shed light on the specificity of autophagic cargo selection under 

different nutritional, environmental and diseased states. Together, these studies highlight 

how autophagy interfaces with multiple aspects of malignant disease.

In this review we discuss how autophagy works differently in cancer cells compared to 

normal cells, enabling protein quality control and metabolic reprogramming under the 

exceptionally challenging conditions under which tumors thrive. Finally, we discuss recent 

advances contributing to the emerging role of tumor autophagy in immune evasion and host 

autophagy in the regulation of tumor growth.

AUTOPHAGY IS A MULTI-STEP PROCESS

The mammalian autophagy process can be subdivided into several steps involving 

phagophore formation and elongation, maturation and fusion with lysosomes (Figure 1). 

Activation of the constitutively associated Unc-51-like kinase (ULK) complex consisting of 

ULK family kinase, ATG13, ATG101 and focal adhesion kinase interacting protein 200 kDa 

(FIP200), is the initiating event that triggers the autophagy cascade (Galluzzi et al., 2017). 

Once activated, ULK1 kinase activates a second complex consisting of the lipid kinase 

VPS34, Beclin1, VPS15, ATG14L and p150 leading to stimulation of VPS34 kinase activity 

and generation of phosphatidylinositol 3-phosphate (PI3P) on membranes derived most 

commonly from the endoplasmic reticulum (ER) (Yang et al., 2021) as well as ER-Golgi 

sites (Ge et al., 2017; Kumar et al., 2021).

Elongation of the growing autophagosome (AP) membrane is mediated by two parallel 

ubiquitin (Ub)-like conjugation systems that serve to attach a protein - an ATG8 family 

member (LC3s/GABARAPs) - to a lipid – phosphatidylethanolamine (PE). First, ATG7 

Hernandez and Perera Page 2

Mol Cell. Author manuscript; available in PMC 2023 April 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and ATG10, which function as E1- and E2-like enzymes respectively, facilitate conjugation 

of ATG12 to ATG5 to generate the ATG5-ATG12 complex. This complex is subsequently 

non-covalently conjugated to ATG16L1 to form the ATG5-ATG12-ATG16L complex that 

displays E3 ligase activity towards LC3 (and GABARAP) family members (Walczak and 

Martens, 2013). LC3 itself is first modified by the cysteine protease ATG4 to generate its 

soluble form (LC3-I) which is subsequently conjugated to PE by the ATG5-ATG12-ATG16L 

complex.

The lipidated form of LC3 (LC3-II) is a critical component of the growing AP and functions 

as a docking site for autophagy cargo receptors that deliver autophagic cargo to the AP 

(Figure 1). These cargo receptors, including sequestosome 1 (p62/SQSTM1) and neighbor 

of BRCA1 (NBR1), harbor LC3 interacting region/s (LIR) which facilitate binding to LC3 

while the presence of Ub binding domains enables simultaneous recognition of ubiquitylated 

cargo proteins and organelles destined for autophagic capture and lysosomal degradation 

(Lamark and Johansen, 2021). Autophagy receptors can be soluble or membrane bound 

proteins and provide the selectivity to eliminate specific cellular components (Lamark 

and Johansen, 2021). For example, ER membrane bound autophagy receptors, including 

FAM134B and RTN3, facilitate remodeling of the ER in response to, or recovery from, ER 

stress. Moreover, the ability of autophagy receptors to heterodimerize with each other may 

also provide additional cargo selectivity (Clausen et al., 2010; Kirkin et al., 2009; Waters et 

al., 2009).

ATG9-associated vesicles serve as seeds for phagophore formation (Chang et al., 2021), and 

ATG9 was recently described as a phospholipid scramblase that participates in phagophore 

expansion (Matoba et al., 2020). Similarly, direct lipid transfer from donor organelles was 

also recently shown to be mediated by ATG2 – which funnels lipids, presumably in a 

unidirectional manner, from a donor membrane, most likely the ER, towards the growing AP 

(Osawa et al., 2019; Valverde et al., 2019). Locally produced phospholipids generated at the 

site of AP generation and maturation may be important for ensuring efficient AP growth. 

For instance, newly synthesized lipids were shown to be directly integrated into the growing 

AP (Andrejeva et al., 2020). Moreover, the lipid demand for generation of autophagic 

membrane, particularly under stress conditions which trigger the biogenesis of hundreds of 

autophagic vesicles, likely requires changes in cellular lipid synthesis and catabolism rates 

in order to provide the necessary lipid content to support AP growth (Melia et al., 2020). 

How lipids are harvested and transported to the expanding phagophore and how this process 

is coupled to the metabolic state of the cell remains largely unknown.

Once the AP membrane is sealed the mature vesicle must dock and fuse with lysosomes 

to deliver its cargo for degradation. This step is regulated by soluble NSF attachment 

protein receptors (SNARE) present on both the AP and the lysosome, Rab GTPases, and 

the homotypic fusion and protein sorting (HOPS) complex, which is thought to mediate 

lysosome-autophagosome tethering, while SNARE proteins mediate fusion (Nakamura 

and Yoshimori, 2017). Resident lysosomal hydrolases in turn degrade incoming cargo 

material which is either stored or recycled via efflux through dedicated lysosome membrane 

transporters and channels (Xu and Ren, 2015) (Figure 1). Together the autophagy-lysosome 
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process ensures delivery, degradation and recycling of diverse intracellular material, and 

efficient flux through this pathway helps to maintain cellular health.

Recent studies have revealed that ATG8 proteins can be incorporated into additional 

single-membrane vesicles, including phagosomes, macropinosomes, endosomes and entotic 

vesicles which ultimately fuse with lysosomes (Nieto-Torres et al., 2021). Formation 

of these vesicles is independent of the ULK1 initiation machinery but requires the Ub-

like ATG5 and ATG7 conjugation machinery that function during canonical autophagy. 

LC3 positive phagosomes generated via the LC3-associated phagocytosis (LAP) pathway 

enable highly phagocytic cells to engulf extracellular fungal and bacterial pathogens or 

apoptotic bodies. LC3 is also recruited to macropinosomes (Florey et al., 2011) and to 

transport vesicles during the process of entosis, which involves the engulfment of live 

cells (Florey and Overholtzer, 2019). Additional non-canonical functions for ATG8s include 

its involvement in LC3-associated endocytosis (LANDO) (Heckmann et al., 2019) and 

incorporation in a subset of extracellular vesicles (EVs) that mediate loading and exocytosis 

of RNA-binding proteins and small non-coding RNAs in a process known as LC3-dependnet 

EV loading and secretion (LDELS) (Leidal et al., 2020). LC3 is likely incorporated 

into these vesicular carriers after they are fully formed. Therefore, unlike canonical 

autophagosome formation, LC3 is unlikely to contribute to the biogenesis of LAP-, 

LANDO-, and LDELS-associated structures. Instead, LC3 on these carriers may enable 

recruitment of proteins that enable transport to and fusion with lysosomes, or efficient 

secretion, however this remains to be determined. Studies exploring the physiological 

relevance and molecular mechanisms mediating non-canonical autophagy related processes 

in the context of cancer may uncover additional vulnerabilities that could be targeted in 

combination with canonical autophagy.

REGULATION OF AUTOPHAGY IN NORMAL AND CANCER CELLS

Activation of autophagy in response to acute nutrient stress is primarily mediated by 

AMP-activated protein kinase (AMPK) (Trefts and Shaw, 2021) and the mechanistic target 

of rapamycin complex 1 (mTORC1) protein kinase (Shin and Zoncu, 2020). Activated 

mTORC1 has a pivotal role in suppression of autophagy via phosphorylation of key 

autophagy regulators, ULK1 and ATG13 (Hosokawa et al., 2009). Under growth factor 

or nutrient deprivation, mTORC1 becomes inactivated, leading to initiation of autophagy 

(Shin and Zoncu, 2020). Moreover, under energy-starved (low ATP) conditions caused by 

glucose withdrawal or mitochondrial dysfunction, AMPK becomes activated and promotes 

autophagosome formation and elongation through phosphorylation of ULK1, the type III 

PI3K Vps34 and Beclin1. AMPK also aids autophagy initiation by negatively regulating 

mTORC1 (Trefts and Shaw, 2021) (Figure 1).

In addition to kinase dependent acute regulation of autophagy initiation, transcriptional 

activation mediated by members of the MiT/TFE family of master transcription factors 

(TFE3, TFE3, MITF) enable prolonged pathway activation through coordinated upregulation 

of autophagy and lysosome genes (Sardiello et al., 2009; Settembre et al., 2011). MiT/TFE 

factors are also negatively regulated by mTORC1 phosphorylation, which leads to their 

cytoplasmic retention, thereby limiting autophagy and lysosome gene expression under 
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conditions in which mTORC1 is active (Settembre et al., 2012) (Figure 1). Paradoxically, 

cancer cells which display increased autophagy and lysosome biogenesis, often do so under 

conditions in which mTORC1 activity is also high (Perera et al., 2015), suggesting that 

bypass mechanisms must be in place to sustain simultaneous activation of pro-growth and 

quality control programs. This can be achieved through upregulation and constitutive nuclear 

localization of MiT/TFE factors (Di Malta et al., 2017; Perera et al., 2015; Ploper et al., 

2015), AMPK activity (Eichner et al., 2019), amplification, mutation or translocation of 

MiT/TFE genes, leading to their constitutive activation (Perera et al., 2019) or loss of 

upstream regulators of mTORC1-dependent MiT/TFE phosphorylation such as Folliculin 

(Napolitano et al., 2020) and tuberous sclerosis (TSC) (Alesi et al., 2021). Each of these 

conditions, leads to hyper-activation of MiT/TFE factors and increased autophagy and 

lysosome biogenesis, which in turn drive tumorigenesis.

In addition to their canonical role in nutrient deprivation induced autophagy, the MiT/TFE 

factors have been shown to respond to a broad range of cellular stressors (Martina and 

Puertollano, 2017). These include aneuploidy (Santaguida et al., 2015), DNA damage 

(Brady et al., 2018), mitochondrial stress (Nezich et al., 2015; Wang et al., 2020) and ER 

stress (Martina et al., 2016) – all of which are conditions associated with tumorigenesis. 

For example, alterations in ER homeostasis due to accumulation of un- or mis-folded 

proteins, triggers the unfolded protein response (UPR), which serves to restore homeostasis. 

TFEB and TFE3 are activated in response to ER stress and translocate into the nucleus 

in a PERK-dependent and mTORC1-independent manner. Targets of ER-stress induced by 

TFEB/TFE3 activity include autophagy and lysosome genes in addition to key regulators 

of ER homeostasis, including the ATF4 transcription factor (Martina et al., 2016). Thus, 

MiT/TFE activation induced ER-stress serves to restore cellular homeostasis and may 

function as an additional safety mechanism to ensure ER function in highly proliferative 

cancer cells. Likewise, induction of mitophagy upon mitochondrial damage was shown 

to be TFEB dependent (Nezich et al., 2015). Mitochondrial stress induced a PINK/Parkin-

dependent, and mTORC1 independent, activation of TFEB. Importantly, depletion of all 

MiT/TFE family members led to an inability to eliminate damaged mitochondria due 

to defective autophagy (Nezich et al., 2015). Whether broader stress induced activation 

of MiT/TFE factors contributes to cellular adaptation and growth of cancer cells under 

austere cellular and microenvironmental conditions, remains to be determined. Moreover, 

analysis of the wider transcriptional program regulated by MiT/TFE factors, may uncover 

complementary pathways that integrate with autophagy and lysosome induction, providing 

important insight into how these factors support the growth of different cancer types at 

different stages.

ROLE OF AUTOPHAGY IN CANCER: LESSONS LEARNED FROM MOUSE 

MODELS

In normal cells, baseline levels of autophagy serve to maintain homeostasis via removal of 

toxic or damaged proteins and organelles, suppression of reactive oxygen species (ROS), 

DNA damage, tissue damage and inflammation. Accordingly, autophagy helps to prevent 

accumulation of chronic cellular damage that could promote transition to a cancerous state 
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(Kenific and Debnath, 2015). Consistent with this idea, genetic suppression of autophagy 

genes such as ATG5, ATG7, FIP200 in combination with activation of tumor-initiating 

mutations leads to an increase in premalignant lesions in GEM models of cancer (Guo et 

al., 2011; Wei et al., 2011; Yang et al., 2014; Yang et al., 2011). In tissues susceptible to 

chronic damage and inflammation, such as the liver, deletion of Atg5 or Atg7 alone gives 

rise to spontaneous benign hepatomas (Takamura et al., 2011). In all cases, the lesions which 

develop remain benign, suggesting that autophagy is required for tumors to progress to a 

malignant state. More recent studies in a GEM model of pancreatic cancer, showed that in 

the absence of initiating oncogenic mutations, autophagy suppression within the pancreatic 

epithelia does not lead to metaplasia or growth of benign lesions (Yang et al., 2018). This 

suggests that benign tumor growth following autophagy inhibition likely only occurs in the 

presence of additional oncogenic insults within tumor cells in most tissues.

In contrast to early-stage disease, genetic or pharmacological inhibition of autophagy in 

tumor cells in models of advanced disease leads to a significant block in tumor growth. 

These include GEM models of melanoma (Xie et al., 2015), breast (Huo et al., 2013; 

Wei et al., 2011), lung (Guo et al., 2011; Guo et al., 2013; Karsli-Uzunbas et al., 2014), 

brain (Gammoh et al., 2016; Shchors et al., 2015), prostate (Santanam et al., 2016) and 

pancreas (Yang et al., 2018; Yang et al., 2014; Yang et al., 2011). Most of these studies 

incorporate tumor specific deletion of Atg5 or Atg7. Given that non-canonical autophagy 

pathways (eg. LAP, LANDO, LDELS described above) also depend on these critical ATG 

proteins, further studies in cancer models may help to determine the relative contribution of 

canonical vs non-canonical functions to tumor growth. Nevertheless, it is clear that diverse 

cancers benefit from and are dependent on functional autophagy for their growth, survival, 

and malignant progression. Taken together with the infrequency of mutations in essential 

autophagy genes in human cancers (Lebovitz et al., 2015), this pathway likely serves a 

pro-tumorigenic function in human tumors.

DEFINING AUTOPHAGY DEPENDENT CARGOS

Autophagy receptors and target selection

The function of autophagy is closely associated with the identity of the substrates that are 

targeted for degradation. It is also dependent on the upstream stimuli that triggers pathway 

activation, which in turn may define substrate selectivity. For instance, starvation-induced 

autophagy may capture distinct cargos that directly restore nutrient balance and may differ 

from baseline autophagy in its cargo specificity, function, and regulation (discussed later). 

Similarly, molecular, and biochemical differences between autophagosomes associated with 

basal autophagy versus stress induced autophagy may exist but remain poorly defined 

(Figure 2).

Perhaps the best studied mechanisms for targeted degradation of cellular constituents 

involves the engagement of a class of molecules known as selective autophagy receptors 

(Lamark and Johansen, 2021). These receptors link their bound cargo to the growing AP 

membrane via simultaneous binding to LC3 proteins. Recent advances in the identification 

of a growing list of autophagy cargo receptors have highlighted how autophagy controls 

the regulated turnover of diverse and complex substrates, including proteins, aggregates, 

Hernandez and Perera Page 6

Mol Cell. Author manuscript; available in PMC 2023 April 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



organelles and pathogens (Galluzzi et al., 2017). For example, autophagy receptors mediate 

targeted degradation of mitochondria (mitophagy), ER (ER-phagy), glycogen (glycophagy), 

lipid droplets (lipophagy), peroxisomes (pexophagy) and several additional intracellular and 

pathogenic macromolecules (Lamark and Johansen, 2021).

Two different classes of autophagy receptors exist based on whether they recognize cargo 

via a Ub dependent or independent mechanism (Khaminets et al., 2016). For instance, 

autophagy receptors containing Ub-interacting motifs (UIM) utilize their UIM and a LC3-

interacting region (LIR), to bind to ubiquitylated cargo and LC3, respectively, within the AP 

(Khaminets et al., 2016). In contrast, several autophagy receptors, such as the membrane 

bound ER-phagy receptors do not contain UIMs and directly bind to LC3 (Khaminets et al., 

2016). Similarly, recognition of lipids, sugars and the iron storage protein ferritin, occurs in 

a Ub independent manner by distinct autophagy receptors (Mancias and Kimmelman, 2016).

Some of these autophagy receptors play especially important roles in the context of 

cancer. For example, the nuclear receptor co-activator 4 (NCOA4) was identified as a Ub-

independent adaptor for autophagy mediated degradation of ferritin – a process referred to 

as ferritinophagy (Dowdle et al., 2014; Mancias et al., 2014). By combining autophagosome 

isolation from Pancreatic ductal adenocarcinoma (PDA) cells with mass-spectrometry based 

proteomics, Mancias and colleagues found that NCOA4 was enriched in autophagosomes. 

NCOA4 also directly binds to ferritin heavy chain 1 (FTH1) subunit and is necessary for 

delivery of ferritin to autophagosomes and its subsequent degradation in the lysosome. 

Accordingly, NCOA4-deficient cells were unable to degrade ferritin leading to a decrease in 

intracellular bioavailable iron. NCOA4 itself is regulated via post-translational modification 

by the E3 Ub ligase HERC2, which targets it for proteosomal degradation under iron 

replete conditions, when ferritinophagy is no longer required (Mancias et al., 2014). Thus, 

the discovery and regulation of NCOA4 in the context of ferritinophagy, uncovered a 

mechanism for autophagy dependent maintenance of cellular iron supply. The relatively 

high levels of NCOA4 and ferritinophagy in PDA cells further suggests that cancer cells 

may have a higher requirement for iron storage and/or utilization (Torti and Torti, 2020).

Additional forms of selective autophagy, such as mitophagy (discussed later), similarly 

contribute to metabolic and organelle health in cancer cells. For instance, aberrant 

expression of ER-phagy receptors FAM134B and SEC62 were detected in several cancers 

(Hubner and Dikic, 2020; Islam et al., 2019; Zhang et al., 2019). Additional mechanistic 

studies will help to establish the role of ER-phagy in cancer progression and whether 

induction of this selective form of autophagy-dependent ER remodeling is linked to 

alterations in ER homeostasis, stress adaptation or environmental cues. Other forms of 

selective autophagy have been implicated in regulation of signaling complexes (Sandilands 

et al., 2011; Sandilands et al., 2012), turnover of focal adhesions (Kenific et al., 2016), 

downregulation of antigen presentation machinery (Yamamoto et al., 2020) and response to 

hypoxia (Daskalaki et al., 2018; Liu et al., 2012) in cancer cells.

Autophagosome content profiling

The development of methods to identify autophagosome substrates and associated proteins 

has been the focus of studies spanning several decades – one of the first being the 
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establishment of an autophagosome purification method using density gradient fractionation 

(Stromhaug et al., 1998). Subsequent studies coupled subcellular fractionation, with 

two-dimensional electrophoresis and liquid chromatography tandem mass spectrometry 

(LC-MS/MS) to identify and quantify intralumenal cargo proteins and autophagosome 

membrane associated proteins (Dengjel et al., 2012; Gao et al., 2010; Overbye et al., 

2007) (Box 1). These studies identified several proteins enriched in autophagosome fractions 

predicted to have functional roles in cargo recognition, modification of membrane lipids, 

and establishing autophagosome shape. Cargos were predominantly cytoplasm-derived and 

represented a diverse array of proteins. An interesting observation from these studies was 

the relative specificity of autophagosome associated proteins to a given upstream stimuli. 

For example, proteomics analysis of autophagosomes isolated from cells exposed to either 

amino acid (AA) starvation or treatment with rapamycin (an inhibitor of mTORC1 which 

mimics AA starvation) identified only a small cohort of common targets with the vast 

majority being unique to each condition (Dengjel et al., 2012). Similarly, whole cell 

proteomic profiling revealed stimuli specific autophagic substrate clearance in response to 

acute AA deprivation versus treatment with rapamycin (Mejlvang et al., 2018). These results 

suggest that seemingly analogous conditions can trigger significantly different outcomes, 

either due to qualitative differences in pathway activation and duration or due to integration 

with parallel trafficking routes in the cell.

Several studies have revealed broader proteomic changes associated with autophagy 

induction or suppression (Kristensen et al., 2008; Mathew et al., 2014; Mejlvang et al., 

2018; Zhang et al., 2016) (Box 1). Analysis of protein half-lives in autophagy-competent 

and deficient fibroblasts under basal conditions using SILAC and mass spectrometry 

uncovered two important findings: i) that autophagy is largely responsible for turnover of a 

significant fraction of the proteome, and ii) the existence of clear biases in autophagic target 

selection (Mathew et al., 2014; Zhang et al., 2016). Time dependent analysis of changes in 

protein abundance following AA starvation have also uncovered preference for autophagic 

degradation of certain cellular proteins. For instance, cytosolic proteins were noted to be the 

first cohort degraded during early stages of starvation induced autophagy while organelle 

derived proteins and protein complexes are targeted at later time points (Kristensen et al., 

2008; Mathew et al., 2014). Therefore, in addition to substrate preference, targeting and 

degradation of cellular proteins appears to occur in a time-dependent, ordered manner under 

starvation conditions. These studies contributed to a general shift in perception of autophagy 

from a bulk non-selective process, to one that is highly selective in terms of substrate 

preference and timing of capture and clearance.

Targeted elimination of cellular proteins by autophagy plays increasingly recognized roles 

in cancer growth and stress adaptation. For instance, proteomic analysis of autophagy-

functional versus -deficient Ras-transformed cells showed that proteins selectively targeted 

for starvation induced degradation included those associated with the innate immune 

response and the interferon response (Mathew et al., 2014). An advantage of specifically 

eliminating tumor derived inflammatory mediators upon starvation may be to subvert 

premature cell death and maintain cell viability under nutrient limiting conditions. In 

contrast, proteins involved in vesicle trafficking or general stress response pathways were 

resistant to autophagic degradation in response to starvation, thereby ensuring efficient 
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activation of these protective pathways (Mathew et al., 2014). Constituents of the splicesome 

and ribosome were also shown to be largely protected against autophagy mediated 

degradation under baseline or starvation induced conditions (Mathew et al., 2014; Zhang 

et al., 2016). Recent studies utilizing global proteomics to measure protein translation and 

degradation rates, have also suggested that ribosomal subunits are not subject to significant 

autophagic turnover in response to starvation (An and Harper, 2018; An et al., 2020). 

However, it is possible that certain disease states may nevertheless trigger autophagy 

dependent ribosome turnover in response to nutrient stress (Wyant et al., 2018), and future 

studies across cell types and conditions may help to clarify a potential role for autophagy in 

ribosome turnover.

How specificity for select protein substrates is established remains an active area of current 

investigation. Similarly, the mechanisms in place to protect specific classes of proteins 

against autophagic capture under basal conditions (Dengjel et al., 2012; Zhang et al., 2016) 

or following starvation (Mathew et al., 2014) is an important question in the field. It is 

possible that ubiquitylation or other protein modifications (Rigbolt et al., 2014), differences 

in overall abundance, presence of specific interacting partners (Behrends et al., 2010), and 

cellular location may impact recognition and/or targeting of select protein subsets under 

basal and stress induced conditions in different cell types (Figure 3).

Recent methods incorporating proximity labeling (PL) using engineered enzymes such as 

peroxidases [engineered ascorbate peroxidase 2 (APEX2)] (Lam et al., 2015), biotin ligases 

(BioID) (Kim et al., 2016; Roux et al., 2012) or TurboID (Branon et al., 2018), conjugated 

to LC3 (Le Guerroue et al., 2017; Leidal et al., 2020) or to autophagy receptors (Zellner et 

al., 2021) have also enabled high throughput autophagosome content profiling in addition 

to non-canonical autophagy related processes (Box 1). Leidal and colleagues (Leidal et 

al., 2020), utilizing LC3-conjuated to APEX, discovered a non-canonical LC3 associated 

pathway that regulates incorporation of RNA binding proteins and small non-coding RNAs 

into EVs, which are subsequently secreted (termed LDELS). Given the expanding role of 

EVs in inter-cellular communication, this study provides important insights into how the 

autophagy machinery regulates the selection of molecules destined for secretion. Zellner and 

colleagues, mapped the autophagic degradome under basal and stress-induced conditions 

by combining proximity labeling using select autophagy receptors (NBR1, OPTN, p62, 

NDP52, TOLLIP and TAX1BP1) with organelle enrichment techniques and quantitative 

proteomics (Zellner et al., 2021). The authors found that a majority of the identified 

interactors were shared between at least 2 of the proximity baits. A notable exception was 

TOLLIP, which displayed the most divergent interactome, possibly due to its function in 

endocytic trafficking (Jongsma et al., 2016) and endosome regulation (Katoh et al., 2004; 

Xiao et al., 2015), perhaps in preference to functioning as an autophagy receptor. Analysis 

of additional parameters, such as receptor expression levels and tissue types, potential 

interactions between the receptors themselves, and disease states in which a particular 

receptor may be more or less active, may help to clarify context dependent functions of 

autophagy receptors in control of cellular homeostasis in healthy and malignant cells.
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Lysosomal content profiling

The lysosome is a membrane bound organelle present within virtually all eukaryotic 

cells and is the endpoint of autophagy as well as several additional trafficking routes 

in the cell (Perera and Zoncu, 2016). Profiling of lysosomal contents is a powerful and 

complementary approach to autophagosome profiling for detecting substrates targeted by 

autophagy under various cellular states. Isolation of intact lysosomes using density gradient 

ultracentrifugation or magnetic separation of iron-dextran loaded lysosomes, followed by 

mass-spectrometry based proteomic analysis, has uncovered important characteristics of 

lysosomes and the cargo present within their lumen (Diettrich et al., 1998; Muthukottiappan 

and Winter, 2021; Thelen et al., 2017) (Box 1). These studies, conducted in a variety of 

mammalian tissues and cell types, generated valuable proteomics datasets characterizing 

lysosomal composition and content (Bagshaw et al., 2005; Chapel et al., 2013; Della Valle 

et al., 2011; Lubke et al., 2009; Markmann et al., 2017; Muthukottiappan and Winter, 

2021; Schmidtke et al., 2019; Schroder et al., 2007; Sleat et al., 2008). The repertoire 

of lysosomal proteins uncovered through these approaches included hydrolases, integral 

and peripheral membrane proteins responsible for catalysis of substrates and transport 

of digestion products, maintenance of lumenal pH and membrane structural integrity. 

Inherent drawbacks to these approaches include lack of purity due to the presence of 

other organelles with overlapping density profiles, particularly mitochondria. Moreover, 

differences in uptake rates of iron-dextran or related particles can compromise lysosome 

isolation efficiency making comparisons across cell types or conditions difficult. To 

overcome some of these challenges, immuno-isolation of lysosomes using antibodies against 

subunits of the V-ATPase were initially employed. Given that the V-ATPase is ubiquitous to 

lysosomes in all cells (Nishi and Forgac, 2002) this strategy allowed for lysosome isolation 

independent of their density or ability to take up external particles (Nylandsted et al., 2011). 

Subsequent development of lysosome membrane associated tags incorporating a lysosomal 

transmembrane protein conjugated to a high affinity handle (FLAG, HA, Biotin), allowed 

for rapid and efficient isolation of intact lysosomes from cells engineered to express the tag 

(Abu-Remaileh et al., 2017; Gupta et al., 2021; Ponsford et al., 2021; Wyant et al., 2018; 

Xiong et al., 2019; Zoncu et al., 2011) (Box 1). This approach helped demonstrate that 

mTORC1 localizes to the lysosome surface via interaction with the Rag GTPases (Zoncu et 

al., 2011), provided metabolic profiles of the lysosome lumen (Abu-Remaileh et al., 2017; 

Wyant et al., 2018; Xiong et al., 2019), uncovered mechanisms of cholesterol homeostasis 

(Davis et al., 2021) and lysosome clearance upon damage (Eapen et al., 2021) and provided 

a comparative analysis of non-cancer versus cancer lysosome content and composition 

(Gupta et al., 2021).

While the lysosome has a conserved degradative role in all cells, it is likely that 

heterogeneity in lysosome composition and content within a cell, across a population 

of cells or between different cell types, exists beyond that which occurs in response 

to nutrient stress. For example, comparison of non-PDA versus PDA derived lysosomes 

revealed a new role for Ferlin family proteins in regulation of cancer lysosome membrane 

integrity (Gupta et al., 2021). Analysis of lysosome proteomics across seven different cell 

lines (HEK293T, HeLa, HuH-7, SH-SY5Y, MEF, NIH3T3), similarly identified marked 

heterogeneity in both membrane associated and intraluminal proteins, including the presence 
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of human and mouse specific lysosome associated proteins (Akter et al., 2020). Efforts 

to study lysosome heterogeneity have also uncovered differences in lysosome pH based 

on organelle position within the cell (Johnson et al., 2016) and transformation induced 

changes in lysosome lipid composition (Fehrenbacher et al., 2008). Efforts to assess single 

lysosome properties include the recent development of a single-lysosome mass spectrometry 

(SLMS) platform integrating lysosomal patch-clamp and mass spectrometry that enables 

simultaneous metabolic and electrophysiological profiling (Zhu et al., 2021).

Future studies in which profiling of lysosomes from healthy and diseased cells from in 

vivo tissues or following exposure to different conditions (hypoxia, nutrient starvation and 

microenvironmental stress) may reveal unique features and functions of the lysosome in 

the context of cellular transformation, cancer progression, and metastasis. Single lysosome 

analysis may highlight important features of lysosome evolution, degradative capacity and 

lifespan that could influence cell state, proliferative capacity and overall health.

ROLES OF AUTOPHAGY IN CANCER PROGRESSION

Autophagy sustains metabolic homeostasis in tumor cells

Autophagy endows cancer cells with metabolic plasticity via its ability to promote 

degradation of diverse cellular substrates (Kenific and Debnath, 2015). Accordingly, studies 

in various cancer models show that autophagy and lysosome-mediated degradation are 

critical sources of nucleotides (Elliott et al., 2019; Guo et al., 2016), amino acids (Bhatt 

et al., 2019; Perera et al., 2015; Strohecker et al., 2013), and lipids (Guo et al., 2013) 

that fuel cancer cell metabolism (Figure 3A–C). Ras-transformed cells and oncogenic Ras-

driven tumors upregulate autophagy and rely on this pathway to help sustain metabolism 

in challenging microenvironments (Guo et al., 2011; Guo et al., 2013; Lock et al., 2011; 

Yang et al., 2011). Studies using both in vitro and in vivo Ras-driven cancer models showed 

that autophagy inhibition leads to defective mitochondria metabolism, including reduced 

respiration rates, energy charge and available metabolic intermediates (Guo et al., 2011; 

Karsli-Uzunbas et al., 2014; Yang et al., 2011). Similarly, pharmacological inhibition of 

autophagy via treatment of PDA cell lines with the lysosomal inhibitor Chloroquine led to 

defective mitochondrial respiration (Elliott et al., 2019; Yang et al., 2014).

The inherent function of autophagy in maintenance of organelle quality control through the 

selective removal, remodeling, and repair of virtually all cellular compartments, is especially 

important in cancer cells for maintaining metabolic fitness, high rates of protein synthesis 

and recycling of nutrients (Mancias and Kimmelman, 2016). Kras-mutant tumors require 

functional mitochondria for glucose and glutamine metabolism to support tumor growth 

(Guo et al., 2011; Guo et al., 2016; Humpton et al., 2019; Son et al., 2013). Maintenance 

of the mitochondrial network depends on a balance between de novo biogenesis, fission, 

and fusion of preexisting mitochondria, and mitophagy. Mitophagy is activated in response 

to diverse stimuli including hypoxia, nutrient deprivation, DNA damage, inflammation, and 

mitochondrial membrane depolarization (Drake et al., 2017). Defects in mitophagy cause 

accumulation of dysfunctional mitochondria, which in turn impact nutrient and energy 

homeostasis, cell fate and differentiation, signaling and cell death susceptibility, all of which 

are especially essential in cancer cells. For example, genetic inactivation of Atg7 in a 
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GEM model of Kras-driven non-small cell lung cancer (NSCLC) led to accumulation of 

mitochondria with altered morphology, presumably due to defective autophagic clearance 

via mitophagy (Guo et al., 2013). Tumors that eventually developed in this model resembled 

oncocytomas – rare, benign tumors characterized by the accumulation of enlarged, defective 

mitochondria and defects in lipid metabolism (Guo et al., 2013). Further support for a 

critical role of mitophagy in supporting cancer cell viability comes from studies in which 

the mitophagy receptor NIX (also known as BNIP3L) was deleted in a GEM model of 

PDA (Humpton et al., 2019). Loss of NIX led to alterations in tumor cell metabolism, 

delayed tumor growth and prolonged the survival of tumor bearing mice. However, these 

mice eventually succumb to malignant disease, suggesting that alternative pathways for 

maintaining mitochondrial health may compensate for loss of NIX (Humpton et al., 2019). 

These studies highlight an essential role for autophagy in controlling cellular metabolism 

through combined regulation of metabolite levels and efficient organelle activity.

Autophagy promotes immune evasion in multiple cancers

Autophagy has a critical role in shaping both the innate and adaptive immune system 

and several excellent reviews have highlighted important findings in the field (Deretic 

and Levine, 2018; Merkley et al., 2018; Munz, 2021). Recent studies have uncovered an 

emerging role for autophagy in protecting cancer cells from immune-mediated elimination 

(Figure 3D,E).

For instance, downregulation of MHC class I (MHC-I) in PDA was recently shown to be 

mediated in part via an autophagy-dependent mechanism (Cheung et al., 2022; Yamamoto 

et al., 2020). Capture of MHC-I and targeting to the lysosome was dependent on the 

autophagy receptor NBR1 (Yamamoto et al., 2020) (Figure 3D). Accordingly, inhibition 

of autophagy, NBR1 or the lysosome was sufficient to restore total MHC-I levels, cell 

surface localization and elicit a potent anti-tumor immune response in human and mouse 

PDA models (Yamamoto et al., 2020). An independent study showed that inhibition of 

progranulin similarly restored MHC-I expression in PDA cells by inhibiting autophagy and 

lysosome activity (Cheung et al., 2022). These studies describe an important role for the 

autophagy-lysosome system in regulation of a critical cell surface protein necessary for 

immune recognition and cancer cell killing. Interestingly, autophagy dependent regulation 

of MHC-I did not appear to translate to other select epithelial cell surface markers or 

MHC-II suggesting that specificity towards MHC-I, potentially through recognition of 

aberrant posttranslational modifications, occurs in PDA cells (Yamamoto et al., 2020). 

Autophagy dependent dysregulation of MHC-I was also noted in LKB1 deficient tumors 

and inhibition of ULK1 was sufficient to restore antigen presentation (Deng et al., 2021). 

Whether autophagy more broadly reshapes the cell surface proteome remains to be fully 

determined and global cell surface proteomics may help to uncover the full cohort of 

proteins whose localization and trafficking are influenced by autophagy.

Genetic or pharmacological inhibition of autophagy across diverse cancer cell types was also 

shown to sensitize them to immune mediated killing (Arensman et al., 2020; Deng et al., 

2021; Lawson et al., 2020; Noman et al., 2011; Noman et al., 2020; Young et al., 2020). 

Upregulation of inflammatory cytokines, including CCL5, CXCL5, CCL10 in autophagy 
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deficient tumors, appears to mediate a potent anti-tumor immune response (Arensman et al., 

2020; Mgrditchian et al., 2017; Noman et al., 2020; Wei et al., 2011; Yang et al., 2016) 

suggesting that tumor-intrinsic autophagy inhibition enhances the visibility of tumors by 

immune cells (Figure 3E). Unbiased genome-wide CRISPR screens in a panel of diverse 

cancer cell lines further identified knockout of core autophagy genes as sensitizers to 

TNFα dependent T cell-mediated killing (Lawson et al., 2020). Together, these studies 

highlighted a previously unrecognized role for tumor intrinsic autophagy in blockade of 

antigen presentation and immune-mediated tumor targeting.

Host autophagy supports tumor growth

In addition to studies focused on the impact of autophagy suppression in tumor cells, several 

recent findings also suggest that tumor cell extrinsic roles of autophagy both in cells within 

the local tumor microenvironment and in distant organs can have a profound effect on 

overall tumor growth. For instance, stellate cells utilize autophagy to generate a pool of 

alanine that is secreted and subsequently imported by PDA cells to fuel their mitochondrial 

metabolism (Sousa et al., 2016) (Figure 4A). Accordingly, autophagy suppression in stellate 

cells impairs tumor cell metabolism and growth. Autophagy suppression in stellate cells 

also promotes their quiescence and limits their ability to produce and secrete extracellular 

matrix in the context of PDA (Endo et al., 2017) (Figure 4B). These studies highlight a key 

supporting role for cells of the tumor microenvironment in promoting tumor growth in an 

autophagy dependent manner.

The development of GEM models in which host autophagy could be suppressed either 

chronically or acutely in adult mice, combined with transplantation studies using autophagy 

competent tumor cells further uncovered essential functions for host tissue autophagy in 

supporting tumor growth. For example, inducible expression of a dominant-negative Atg4b 
mutant in adult mice, which effectively blocks autophagy in the host, led to delayed 

growth of transplanted autophagy competent PDA cells (Yang et al., 2018). Similarly, acute, 

systemic deletion of Atg7 in adult mice prevented the growth of allografted Kras-driven 

NSCLC cells to a greater extent than autophagy suppression in the tumor cells themselves 

(Karsli-Uzunbas et al., 2014). Importantly, tumor regression occurred prior to the onset of 

adverse effects resulting from whole body autophagy suppression.

Follow up studies testing the susceptibility of a wider array of cancer types (melanoma, 

urothelial carcinoma, and NSCLC) following transplantation into systemic Atg7 or Atg5 
deleted host mice uncovered a dependency on host derived arginine for tumor growth 

(Poillet-Perez et al., 2018) (Figure 4C). Autophagy suppression in host tissue led to 

increased secretion of the arginine-degrading enzyme, arginase 1 (ARG1) leading to 

decreased circulating arginine. Accordingly, the tumors most susceptible to host autophagy 

suppression corresponded to those which were reliant on host derived arginine for growth 

– a phenomenon known as arginine auxotrophy – as they lacked expression of key 

arginine biosynthesis enzymes, including argininosuccinate lyase (ASS1) and ornithine 

transcarbamylase (OTC) (Poillet-Perez et al., 2018). This study indicates that host autophagy 

supports growth of arginine auxotrophic tumors by maintaining levels of circulating 

arginine. Consistent with these studies, systemic autophagy suppression via chemical or 
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genetic approaches in Drosophila melanogaster, similarly blocked growth of RAS-driven 

tumors and their invasive capacity. Interestingly, transplantation of these tumors into 

autophagy-proficient hosts was sufficient to restore tumor growth (Katheder et al., 2017). 

Whether tumors less sensitive to host autophagy suppression harbor unique adaptive 

mechanisms that sustain metabolic homeostasis remains unclear (Venida and Perera, 2019).

Immune cells residing within the tumor microenvironment display autophagy dependency 

and may also contribute to tumor growth. For instance, genetic suppression of T cell 

autophagy via deletion of Atg5 or Atg7 led to alterations in T cell metabolism, conversion 

to memory effector cells and ultimately, enhanced tumor rejection in vivo (DeVorkin et 

al., 2019) (Figure 4D). Similarly, host suppression of Atg7 or Atg5 in tumor bearing mice 

promoted an anti-tumor T cell response (Poillet-Perez et al., 2020). Tumors grown on 

Atg7 null host mice displayed increased expression of interferon gamma (IFN-γ) pathway 

genes and increased expression of MHC-I and antigen presentation (Poillet-Perez et al., 

2020) (Figure 4E). Collectively these studies highlight a critical function for autophagy in 

altering the tumor landscape to bypass detection by immune cells. Accordingly, autophagy 

suppression within tumor cells, immune cells or systemically appears to consistently 

promote immune cell infiltration and an anti-tumor immune response (Figure 4F).

Together, these findings highlight critical contributions of both tumor cell intrinsic and host 

autophagy in promoting tumor growth and indicate that a therapeutic window for systemic 

autophagy inhibition is possible. Future studies focusing on the impact of autophagy 

inhibition in distinct host cell types within the tumor microenvironment or distant tissues 

may help to define a broader role for autophagy in tumor growth and maintenance as well as 

during metastatic spread and seeding.

CONCLUSIONS AND FUTURE DIRECTIONS

Targeting the autophagy machinery or the lysosome remains a promising approach against a 

growing list of cancers that are reliant on this pathway for stress adaptation and growth. 

Current strategies for blocking autophagy involve targeting early stages of autophagy 

initiation and elongation mediated by ULK1/2, VPS34 and ATG4B. Alternatively, agents 

such as the FDA-approved hydroxychloroquine, target the lysosome and block late-stage 

cargo clearance (Amaravadi et al., 2019). These strategies have in common the ability to 

compromise the protective effects of autophagy in preventing accumulation of damaged or 

toxic macromolecules that are detrimental to the cell, compromise organelle health, cause a 

depletion in key metabolic substrates necessary to fuel tumor cell proliferation and expose 

cancer cells to the immune system. An advantage of lysosomal inhibition is the ability to 

simultaneously disable multiple scavenging pathways, including non-canonical autophagy 

pathways, which may be more effective at preventing compensatory induction of alternative 

routes for nutrient acquisition and recycling.

For these interventions to be maximally effective, continued investigation into the roles of 

autophagy in tumor progression is required. For instance, further insight into autophagy 

and lysosome dependence in metastatic lesions relative to the primary tumor is necessary 

when establishing effective therapeutic interventions that target both primary and metastatic 
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disease. Recent studies suggest that highly metastatic bladder cancer cells are more sensitive 

to lysosomal inhibition relative to their less metastatic counterparts (Morgan et al., 2018) 

and upregulation of TFEB, lysosome biogenesis and exocytosis is associated with lung 

cancer metastasis (Kundu et al., 2018). These studies suggest that autophagy/lysosome 

suppression could be equally effective in suppressing primary and metastatic tumor growth. 

However, this may not be universal across cancers (Marsh et al., 2020). Therefore, in depth 

studies across cancer types will be necessary to fully understand autophagy-dependency 

and the impact of genetic versus pharmacological pathway inhibition on primary versus 

metastatic tumor growth.

Likewise further studies focused on the role of autophagy receptors in cancer, including 

how they engage cargo and the mechanisms underlying specificity for cargo selection, are 

important areas of investigation. While Ub remains the predominant mediator of autophagy 

receptor engagement, whether cooperation with additional posttranslational modifications 

provides additional specificity remains to be fully determined.

While the focus in cancer has been to inhibit autophagy as a therapeutic intervention, 

a possible alternative strategy may be to harness the intrinsic degradative power of the 

autophagy pathway to selectively eliminate pro-oncogenic proteins. Early efforts in this 

direction have generated autophagy- and lysosome-based degraders (Cassidy and Zhao, 

2021) and future studies will hopefully establish their applicability to therapeutic settings.
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Box 1:

Methods for autophagosome and lysosome composition and content 
profiling.

A. Early techniques to isolate autophagosomes and lysosome relied on density 

gradient fractionation-based approaches. Cells or tissues were homogenized and 

centrifuged at low speed to pellet intact cells, nuclei, and debris. Organelles 

located within the supernatant were concentrated and subjected to density gradient 

separation. Ultracentrifugation of the sample leads to migration of distinct organelles 

to distinct bands (colored), which can be individually isolated for biochemical or mass 

spectrometry-based analysis.

B. Identification of autophagy dependent cargo proteins can be determined via whole 

cell proteomics analysis of cells treated with autophagy inducing agents (Rapamycin), 

or stimuli (nutrient starvation). Under these conditions, increased autophagic degradation 

would lead to decreased abundance of select proteins species. Control experiments in 

which these treatments are combined with acute lysosomal blockade would restore the 

levels of autophagy targeted substrates. Likewise, proteins which accumulate following 

starvation or Rapamycin treatment in ATG null cells would represent autophagy cargos.

C. Proximity labeling (PL) using engineered enzymes such as peroxidases [engineered 

ascorbate peroxidase 2 (APEX2)], biotin ligases (BioID) or TurboID, conjugated to 

LC3 or to autophagy receptors. Upon addition of biotin-phenol/HO2 or biotin, proteins 

in close proximity to the enzyme are biotinylated, which are subsequently enriched 

using streptavidin conjugated beads. PL using autophagy receptors combined with 

autophagosome purification enables autophagosome content profiling. PL using LC3 

enables broader analysis of LC3 interacting proteins associated with canonical and non-

canonical autophagy pathways. Both techniques may identify putative regulators and 

interacting proteins that modulate pathway activity.

D. Strategies to isolate lysosomes take advantage of the fact that the lysosome is the final 

destination of several plasma membrane-derived internalization pathways. For example, 

lysosome isolation can be achieved following uptake of iron-dextran (FeDex) or related 

particles, followed by magnetic separation from lysed cells. The eluted samples can then 

be analyzed by mass spectrometry-based proteomics.

E. Immunoprecipitation of intact lysosome can be achieved using antibody-based capture 

from lysed cells. For example, antibodies specific to subunits of the lysosomal V-ATPase 

have been used to capture and isolate lysosomes from cultured cells. Following elution 

from the capture beads, lysosomal proteins can be analyzed by mass spectrometry-based 

proteomics.

F. Stable ectopic expression of lysosomal membrane proteins (LAMP1/2, TMEM192) 

conjugated to affinity handles (HA, FLAG, Biotin) enables rapid and efficient 

immunoprecipitation of intact lysosomes. Following mechanical disruption of cells, 

lysosomes are affinity enriched on beads containing immobilized streptavidin or 

antibodies against HA or FLAG. Lysosomal elutes can subsequently be analyzed using 
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biochemical or mass spectrometry-based approaches. The advantages of this technique 

include its relative speed, ability to generate high purity samples and its independence 

from uptake of exogenous particles prior to organelle separation. Drawbacks include the 

need for stable expression of the exogenous construct which may not be possible in some 

cell types such as primary cells.
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Figure 1: The autophagy pathway.
Autophagy is a multi-step process, and its activation is dependent on key upstream 

regulators. Under nutrient replete conditions, mTORC1 is active and phosphorylates 

ULK1/2 and Atg13 to block autophagy initiation. mTORC1 also phosphorylated MiT/TFE 

transcription factors leading to their cytoplasmic retention. Under low nutrient conditions, 

mTORC1 is inactivated relieving the negative regulation on the pathway. MiT/TFE factors 

enter the nucleus, recognize CLEAR elements present in the promoters of autophagy 

and lysosome genes and promote the coordinate transcriptional upregulation of these 

genes. Similarly, low ATP levels triggers AMPK activation, which phosphorylates ULK1/2 

promoting its kinase activity. ULK1/2 in turn phosphorylates Atg13 and FIP200 promoting 

pathway initiation. AMPK also phosphorylates the mTORC1 subunit, Raptor, leading to 

suppression of mTORC1 activity. Cancer cells can bypass some, if not all, of these 

regulator circuits to maintain heighted activation of autophagy, independent of nutrient status 

or mTORC1/AMPK activity. Capture of intracellular “cargo” (eg. mitochondria, protein 

aggregates) is mediated by autophagy receptors which bind simultaneously to the cargo 

and to lipidated LC3 (LC3-II) associated with the growing autophagosome. Autophagosome 

fusion with lysosomes leads to hydrolase dependent degradation of cargo followed by efflux 

of degradation products via lysosomal permeases.
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Figure 2: Factors influencing cargo selection.
Multiple factors influence how cargo is selected for autophagy mediated degradation. The 

nature of the upstream stimuli and its duration (acute versus prolonged) can dictate the types 

of cargo selected for capture via autophagy. Posttranslational modifications of the cargo (eg. 

Ub-dependent versus -independent) can influence autophagy receptor engagement. Some 

autophagy receptors and cargos are uniquely associated with a particular cellular location 

(eg. mitochondria versus ER). The abundance or condition of the cargo (healthy, damaged, 

aggregated, modified) can influence the efficiency and rate of capture. Autophagy receptors 

themselves can be modified by posttranslational modifications or participate as oligomers 

which can influence the efficiency and specificity of cargo capture.
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Figure 3: Tumor cell autonomous functions of autophagy in cancer.
Tumor cell autonomous functions of autophagy. Cancer cells utilize autophagy to regulate 

diverse pro-tumorigenic functions. These include maintenance of metabolic homeostasis (A) 

via the capture of diverse cellular macromolecules followed by degradation and recycling 

in lysosomes. Autophagy is required for ensuring organelle quality control through targeted 

elimination of damaged components (B). Targeted elimination of cellular components is 

mediated through selective forms of autophagy that utilize autophagy receptors (AR) that 

can function in a Ub-dependent or independent manner (C). Autophagy regulates multiple 

components of the inflammatory/immune response including negative regulation of antigen 

presentation (D) and reduced production of pro-inflammatory cytokines (E). Several studies 

have also implicated autophagy activation during metastasis including both positive and 

negative roles (F).
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Figure 4. Functions of host autophagy in promoting tumor growth.
Autophagy within cells of the tumor microenvironment and distant tissues can impact 

tumor growth. For example, stellate cells in proximity to tumor cells utilize autophagy 

to generate a pool of alanine that is secreted and subsequently imported by cancer cells 

(A). Other cell types within the microenvironment including cancer associated fibroblasts 

(CAF), endothelial cells and adipocytes can also provide nutrients that fuel cancer growth 

however whether autophagy regulates this exchange is unclear. Autophagy suppression in 

stellate cells (‘off’) promotes their quiescence and reduces the deposition of extracellular 

matrix (ECM) (B). Likewise, autophagy in the liver helps to sustain circulating arginine 

necessary for supporting tumors that are arginine auxotrophs (C). Accordingly, suppression 

of autophagy in the liver leads to increased secretion of arginase 1 (ARG1) which reduces 

circulating arginine and inhibits tumor growth. Systemic host autophagy suppression (‘off’) 

promotes cytotoxic T lymphocytes (CTL) activation (D). A recent study showed that liver 

autophagy promotes tumor immune tolerance via decreased activation of CTLs, decreased 

interferon-γ and stimulator of interferon genes (STING) activation (E). Overall, systemic 

autophagy suppression promotes increased infiltration of tumors by immune cells (F).
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