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Abstract 

Autophagy refers to an essential mechanism that evolved to sustain eukaryotic homeostasis and 

metabolism during instances of nutrient deprivation. During autophagy, intracellular cargo is 

encapsulated and delivered to the lysosome for elimination. Loss of basal autophagy in vivo 

negatively impacts cellular proteostasis, metabolism and tissue integrity. Accordingly, many drug 

development strategies are focused on modulating autophagic capacity in various 

pathophysiological states, from cancer to neurodegenerative disease. The role of autophagy in 

cancer is particularly complicated, as either augmenting or attenuating this process can have 

variable outcomes on cellular survival, proliferation and transformation. This complexity is 

compounded by the emergence of several selective autophagy pathways, which act to eliminate 

damaged or superfluous cellular components in a targeted fashion. The advent of sensitive tools to 

monitor autophagy pathways in vivo holds promise to clarify their importance in cancer 

pathophysiology. In this review, we provide an overview of autophagy in cancer biology and 

outline how the development of tools to study autophagy in vivo could enhance our understanding 

of its function for translational benefit. 
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1. Introduction 

 
Autophagy is an essential catabolic mechanism that evolved to sustain eukaryotic homeostasis 

during instances of nutrient deprivation. The term autophagy is translated from the Greek meaning 

"to eat oneself" and interestingly, was in usage before its incorporation into the scientific vernacular 

by Christian De Duve (Ktistakis, 2017). General or bulk autophagy is a non-selective process 

(herein referred to as macroautophagy) (Zachari and Ganley, 2017). Macroautophagy is a complex, 

multistep process involving (1) the sensing and identification of cellular cargo for destruction, (2) 

marking this cargo for recognition by the autophagy machinery, followed by (3) its encapsulation 

within a transient double membrane-bound organelle known as an autophagosome and (4) 

elimination of the sequestered contents via fusion of the autophagosome with an acidic 

compartment of the endolysosomal system, resulting in the formation of the autolysosome 

(Mizushima, 2018). This process results in the recycling of autophagic substrates, which is thought 

to fuel various metabolic pathways (White, 2015). Autophagy is an evolutionarily conserved 

process that is also essential for mammalian development. Impaired autophagic activity (termed 

"flux") is detrimental to cell and tissue function. Because of its links to organismal longevity, 

homeostasis and metabolism, autophagy has evolved to become an attractive therapeutic target for a 

variety of clinical indications (Galluzzi et al., 2017b). Indeed, dysregulated autophagic flux has 

emerged as a stand-alone hallmark of mammalian cancer (Hanahan and Weinberg, 2011). 

Recognising its vital biomedical importance, Professor Yoshinori Ohsumi received the 2016 Nobel 

Prize in Physiology or Medicine for pioneering the molecular basis of autophagy (Mizushima, 

2017). Treatments that modulate autophagic capacity are widely thought to represent a 

therapeutically advantageous strategy to prevent cancer development (Mizushima, 2018). As we 

will see in this review, understanding autophagy presents a challenging conundrum in the context of 

cell transformation, cancer biology and chemoresistance. We summarise critical concepts related to 

our current knowledge of physiological autophagy pathways and their relationship to cancer 

biology. In particular, we discuss how developments that enable researchers to monitor autophagy 

pathways in vivo could clarify mechanistic questions of outstanding translational importance. 

 

2. Classical and contemporary concepts in autophagy research 
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The modern-day definition of autophagy broadly encompasses two sub-phenomena: 

macroautophagy and selective autophagy (Mizushima, 2018). The cargo to be degraded can vary 

from organelles, and proteinaceous aggregates to ferritin, lipids and carbohydrates. 

Macroautophagy is by far the best-studied autophagy pathway and refers to a non-selective or bulk 

digestion process, induced by many signals and stimuli (Zachari and Ganley, 2017). The most well-

described induction stimulus in mammals is nutrient deprivation, resulting in the inhibition of the 

master nutrient sensor mTORC1 (Laplante and Sabatini, 2012). However, work by the laboratory of 

Terje Johansen has recently redefined the temporal dynamics of the autophagic response to amino 

acid deprivation (Mejlvang et al., 2018). Loss of GSK3-beta signalling is also associated with the 

initiation of macroautophagy, in addition to activation of AMPK and HIF signalling (Lin et al., 

2012). The initiation and progression of autophagosome biogenesis involve the activation of 

autophagy-specific kinase complexes ULK1 (comprised of ULK1/2, FIP200, ATG101, ATG13), 

and VPS34 (including BECLN1) as well as the ATG16L1-ATG5-ATG12 conjugation machinery 

(Xie and Klionsky, 2007; Zachari and Ganley, 2017). The exact membrane origin or source that 

contributes to the nucleation of the transient autophagosome has been a controversial topic in the 

field for many years. However, a growing consensus suggests a multi-organellar contribution to 

autophagosome biogenesis, with subdomains of the endoplasmic reticulum (ER), ER and Golgi 

intermediate compartment (ERGIC), mitochondria and endolysosomal system playing key roles 

here (Bissa and Deretic, 2018; Ge et al., 2013; Hailey et al., 2010). ATG9A and ATG2 have both 

recently been reported to transport lipids to promote autophagosome formation (Valverde et al., 

2019). Autophagosome closure and maturation constitutes a critical step that precedes 

autolysosome formation, yet we know less about its molecular regulation compared to upstream 

initiation events. It has been hypothesised that autophagosome sealing resembles a membrane 

scission event (Zhou et al., 2019). The budding yeast Saccharomyces cerevisiae has enabled the 

detailed study of these discrete steps at an unparalleled resolution, with recent work implicating the 

Rab5-dependent recruitment of ESCRT machinery in the closure of unsealed autophagosomes 

(Zhou et al., 2019). COPII-coated carriers ensure transport between the ER and Golgi complex and 

have also been shown to contribute to autophagosome membrane formation in yeast (Shima et al., 

2019). Figure 1 provides a clear graphical overview of macroautophagy.  

 

Textbook autophagosomes are classically depicted as single spheroids, yet advances in electron 

tomography have revealed the presence of multiple smaller vesicles of unknown function that are 

juxtaposed to mature autophagosomes (Biazik et al., 2015). The steps of cargo recognition, 

autophagosome closure and endolysosomal fusion rely upon ubiquitin-like conjugation systems of 
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the ATG8 family of proteins (LC3A/B/C, and GABARAP/GABARAPL1/2) (Bissa and Deretic, 

2018; Ganley, 2013). The end stage of all autophagy pathways depends on functional acidic 

compartments of the endolysosomal system to degrade the encapsulated cargo. A lysosome fuses 

with an autophagosome to form an "autolysosome", or an acidic Rab5/7-positive late endosome can 

fuse with an autophagosome to generate an "amphisome". An informative primer on autophagy 

nomenclature can be found in (Klionsky et al., 2014). The process of autophagosome-lysosome 

fusion is mediated by two independent autophagosomal SNARE protein complexes, syntaxin 17 

and YKT6 (Matsui et al., 2018; Itakura et al., 2012).  

 

Our understanding of the lysosome as a simple "suicide bag" has been dramatically revised by 

discoveries of its nutrient sensing properties in mammalian cells (Lim and Zoncu, 2016). 

Lysosomes orchestrate critical aspects of cellular metabolism, and also appear to be more 

phenotypically heterogeneous than previously thought. Recent findings demonstrate that lysosomes 

in distinct spatial cellular compartments are differentially acidic (Johnson et al., 2016), indicating 

that their function likely extends beyond mere digestion. This conceptional evolution in our 

understanding of the lysosome also necessitates a more in-depth evaluation of how nutrient status 

modulates crosstalk between autophagic compartments and the endolysosomal system.  

 

The degradation of autophagic substrates acts to replenish amino acids necessary for protein 

synthesis and cellular homeostasis. This step of the pathway is associated with the reactivation of 

mTOR and a process known as autophagosome-lysosome reformation (ALR) (Chen and Yu, 2013). 

ALR is a terminal event that promotes lysosomal reformation from autolysosomes via membrane 

tubulation and scission. Ultimately, ALR sustains cellular lysosomal homeostasis during and after 

autophagy (Chen and Yu, 2013).  A key regulator of this process is lysosome-associated PI(3)P, 

generated by the VPS34–UVRAG complex in an mTOR-dependent fashion (Munson et al., 2015). 

  

Autophagy may also occur in the absence of canonical factors. A Rab9-pathway has been suggested 

to sustain autophagy in the absence of ATG5/ATG7/LC3-II (Nishida et al., 2016). Tripartite motif 

(TRIM31), an intestine-specific protein localised in mitochondria has also been implicated in 

Atg5/7-independent autophagy in gastrointestinal cells (Ra et al., 2016). In recent years, autophagy-

independent functions of the ATG machinery have also manifested. Please consult (Galluzzi and 

Green, 2019) for an authoritative review of this emerging topic. 
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In addition to non-selective macroautophagy, it is now well-established that autophagy can also be 

highly selective (Mizushima, 2018). Selective autophagy refers to the targeted destruction of 

damaged or superfluous cellular components. Cargo-specific autophagy receptors confer selectivity 

on various cellular constituents from organelles (organellophagy) to proteinaceous aggregates 

(aggrephagy) (Okamoto, 2014). Selective autophagy is a fast-moving domain of the field and 

involves an interplay between the post-translational modifications ubiquitylation and 

phosphorylation (Khaminets et al., 2016). The best-studied selective autophagy pathway to date is 

mitochondrial autophagy (mitophagy); however, pexophagy (Marcassa et al., 2018), ribophagy 

(Wyant et al., 2018) and ferritinophagy (Santana-Codina and Mancias, 2018) are also emerging as 

important determinants of cellular homeostasis. The following reviews provide a comprehensive 

overview of selective autophagy (Rogov et al., 2014; Galluzzi et al., 2017a). Reconciling the 

interplay between stimulus-induced and basal physiological autophagic turnover in vivo constitutes 

a significant challenge in the field (See section 4 for a discussion of selective autophagy).  

 

Independently of the aforementioned pathways, chaperone-mediated autophagy (CMA) constitutes 

a distinct form of selective autophagy (Kaushik and Cuervo, 2018). The cytosolic chaperone 

HSC70 recognises protein substrates containing a distinct CMA-targeting motif (KFERQ) and 

targets these to the lysosomal surface, where they undergo active translocation via LAMP-2A 

(Kaushik and Cuervo, 2012, 2018). Levels of lysosomal LAMP-2A reflect the activity of CMA. 

Pioneering work by Ana Maria Cuervo and colleagues has demonstrated the critical importance of 

CMA in mammalian health and disease. Please consult (Kaushik and Cuervo, 2018) for a 

comprehensive overview of CMA.  

 

3. Autophagy in cancer: a complex conundrum united by metabolic crosstalk 

 

Autophagy is a disease-relevant process, yet it remains controversial whether dysregulated flux is a 

cause or consequence of any human disorder. From our perspective, the most accurate, evidence-

based interpretation is that the role of autophagy in any physiological or pathological scenario 

appears to be highly context-dependent. This complexity becomes especially apparent when 

considering the astounding mechanistic heterogeneity of cancer. Accordingly, enhanced autophagy 

can either drive or diminish tumourigenesis depending on the cellular state and tissue type (Galluzzi 

et al., 2017b).   

 
3.1 The protective influence of autophagy in cancer 
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Insights from cell culture and pre-clinical animal studies have demonstrated that autophagy sustains 

tissue homeostasis and prevents pro-oncogenic environments through interplay with genome 

stability and anti-inflammatory signalling pathways (Amaravadi et al., 2016; Mathew et al., 2009).  

 

Although core autophagy genes are not generally mutated in human cancers, polymorphisms and 

altered expression levels of autophagy-related proteins have been reported (Jiang and Mizushima, 

2014). Additionally, autophagy genes have been implicated as both tumour enhancers and 

suppressors (White, 2015). Valuable insights into the role of autophagy in human oncology came 

from the discovery that the autophagy modulator Beclin-1 (BECN1) is lost in a substantial 

proportion of human breast, ovarian and prostate cancers (Liang et al., 1999; Yue et al., 2003; Qu et 

al., 2003). 

 

Consequently, human BECN1 has been proposed as a haploinsufficient tumour suppressor gene. 

Consistent with this, heterozygote Becn1 mice exhibited enhanced susceptibility to hepatic, 

mammary and lymphoid neoplasia (Qu et al., 2003). BECN1 exerts critical cellular functions, 

although its role as a bona fide tumour suppressor appears somewhat contentious in the field (White 

et al., 2015). Recently, an interesting study focused on abolishing the interaction of endogenous 

Beclin-1 with the negative regulator of Beclin-1-dependent autophagy Bcl-2 (Pattingre et al., 2005) 

in vivo, via the generation of knock-in mice with a constitutively active variant of Beclin-1 

(Becn1F121A/F121A). Tissues from Becn1 mutant animals exhibit enhanced levels of autophagic flux 

coupled to improvements in healthspan, longevity and a diminished incidence of age-related 

spontaneous cancer (Fernández et al., 2018). In another study, endogenous HER2 was reported to 

interact with Beclin-1 to inhibit autophagy and drive tumourigenesis. The enhanced levels of basal 

autophagy in Becn1F121A mice also had an anti-tumourigenic influence on HER2-mediated cancer 

progression (Vega-Rubín-de-Celis et al., 2018). Treatment of mice harbouring HER2-breast cancer 

xenografts with an autophagy-inducing peptide (Tat-Beclin-1) diminished tumour growth in vivo 

and could represent an attractive therapeutic approach for HER2-positive breast cancer (Vega-

Rubín-de-Celis et al., 2018). Interestingly, another autophagy regulator, UVRAG (described earlier 

for its role in ALR) is found to be mutated in colon cancer and is also proposed to be a 

haploinsufficient tumour suppressor (Liang et al., 2006). 

 

Loss of autophagy is increasingly associated with the initiation of cancer. To this effect, autophagic 

cell death was recently shown to play a dominant role in restricting chromosomal instability during 
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a process termed replicative crisis. During replicative crisis, pre-cancerous cells with dysregulated 

cell cycle checkpoints undergo continual division, leading to progressive telomeric DNA shortening 

and apoptosis. Cells that bypass this senescence-independent process harbour high levels of 

chromosomal instability and exhibit an increased propensity for oncogenic transformation, 

suggesting that replicative crisis is an essential anti-cancer mechanism (Nassour et al., 2019).  

Nassour et al. discovered that autophagy-deficient cells with deregulated cell cycle checkpoints 

could evade both crisis and cell death, and ultimately accrue chromosomal instability. Telomeric 

DNA damage generates cytosolic chromatin fragments that specifically activate cGAS-STING 

(cyclic GMP-AMP synthase-stimulator of interferon genes) signalling and the recruitment of the 

autophagy machinery (Nassour et al., 2019). These data suggest that cell death in replicative crisis 

is associated more with autophagy rather than canonical apoptosis. Overall, these findings highlight 

the protective nature of autophagy and raise potential caveats when considering its therapeutic 

inhibition in cancer. 

 

Pre-clinical studies of cancer in mice have shown that loss of essential autophagy genes promotes 

tumourigenesis, and thus, the presence of functional autophagy in these contexts seems to be anti-

oncogenic. Furthermore, the severity of tumourigenesis seems to be associated with oncogenic 

background and cellular context. To this effect, conditional hepatic ablation of Atg5 leads to 

hepatotoxicity, inflammation and the development of benign liver tumours in mice (Takamura et 

al., 2011). Similar conditional experiments show that autophagy also exerts protective effects in the 

pancreas (Rosenfeldt et al., 2013). In pancreatic cancer characterised by mutant Kras, loss of 

pancreatic autophagy drives oncogenesis, yet malignancy appears to be restricted here (Yang et al., 

2014). Furthermore, genetic ablation of essential autophagy genes induces the accumulation of the 

autophagy adapter protein p62 (SQSTM1), which is also thought to promote tumourigenesis (Wei 

et al., 2014).   

 

Genetic inhibition of autophagy in a humanised mouse model of pancreatic ductal adenocarcinoma 

(PDAC; activated oncogenic Kras, p53 KO double-mutant) is associated with an unfavourable 

prognosis. PDAC is a notoriously lethal cancer, characterised by high mortality and low survival 

rates (National Cancer Institute., 2018). PDAC mice with impaired autophagy (lacking Atg5 or 

Atg7) exhibited accelerated tumour onset coupled with a metabolic state conducive to 

tumourigenesis (enhanced glucose uptake and anabolism) (Rosenfeldt et al., 2013). In another 

PDAC model driven by oncogenic KRAS (G12D) combined with ablation of the tumour suppressor 

Phosphatase and Tensin Homolog (PTEN), autophagy inhibition also promoted tumour 
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development. These findings suggest that both p53 and PTEN can influence the contribution of 

autophagy to PDAC and reflects the context-dependent nature of this problem (Rosenfeldt et al., 

2017). Treatment of Kras p53 double KO mice with hydroxychloroquine (HCQ; an agent known to 

impair autophagy) was shown to enhance tumourigenesis. These data are pertinent due to the use of 

HCQ as an anticancer agent in clinical trials and highlight the need for studying drug treatments in 

cellular contexts that closely recapitulate the human condition (Rosenfeldt et al., 2013). Please 

consult Mainz and Rosenfeldt for an authoritative review on the study of autophagy in pre-clinical 

mouse models of cancer (Mainz and Rosenfeldt, 2018). 

 

3.2 The pathological influence of autophagy in cancer 

 

Conversely, cancer cells can also use autophagy to their pathological advantage. 95% of PDACs 

arise from activating KRAS mutations and have been linked with autophagy-dependent 

tumourigenic growth (Viale et al., 2014). Therefore anti-KRAS and anti-autophagy therapies, in 

general, have emerged as attractive strategies to treat PDAC (Viale et al., 2014). Chronic KRAS 

inhibition in PDAC mouse cell lines revealed a rare subpopulation of dormant tumour cells that can 

drive tumour relapse. These resistant cells survive oncogene ablation, become increasingly 

dependent on autophagy and exhibit a bioenergetic preference for mitochondrial respiration 

(oxidative phosphorylation) over glycolysis (Viale et al., 2014). 

 

Furthermore, Bryant and colleagues demonstrated that KRAS inhibition enhances autophagic flux 

in human and mouse PDAC cell lines (Bryant et al., 2019). Acute ablation of mutant KRAS or 

selective ERK inhibition in PDAC cells both resulted in the same metabolic effect by increasing 

autophagic activity at multiple levels (enhanced autophagosome flux, phosphorylation and 

activation of AMPK and Beclin-1, downregulation of mTOR signalling, and increased transcription 

of autophagy-related genes). In addition to enhanced autophagic flux, both ERK inhibition and 

KRAS silencing also influenced metabolic state, evidenced by diminished glycolysis and altered 

mitochondrial function. Bryant et al. demonstrated that combinational therapy targeting the 

increased autophagy and increased ERK activity is an effective treatment against KRAS driven 

PDAC in mice (Bryant et al., 2019; Kinsey et al., 2019). These data highlight the complex interplay 

between autophagy, metabolism and cancer progression. For an excellent overview of autophagy 

and metabolic crosstalk in cancer, please consult (Kimmelman and White, 2017).  
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Cancer cells also have increased metabolic requirements to support their accelerated growth 

(Rabinowitz and White, 2010). The microphthalmia/transcription factor E (MIT/TFE) family of 

transcription factors regulate energy metabolism by controlling the expression of genes that regulate 

both autophagy and lysosomal biogenesis. These factors also have established roles in promoting 

tumourigenesis (Perera et al., 2015; Kauffman et al., 2014) and have been reviewed recently in 

(Perera et al., 2018). 

 

3.3 Autophagy as a therapeutic target in cancer  

 

The clinical benefit of autophagy inhibition in human cancer remains controversial (Mainz and 

Rosenfeldt, 2018). Nonetheless, clinical trials aiming to modulate levels of autophagy in cancer are 

underway (Levy et al., 2017a).  To date, chloroquine (CQ) and its derivative HCQ are the only 

repurposed drugs used in the clinic to inhibit autophagic flux and are already approved to treat 

malaria. CQ and HCQ have been associated with favourable clinical outcomes for cancer therapy 

(Levy et al., 2017a). CQ was first tested on 18 glioblastoma patients and showed positive results, 

increasing survival from 11 to 33 months when combined with radiation therapy and the alkylating 

agent, temozolomide (Briceño et al., 2003). Follow up studies verified the benefits of CQ in 

improving survival of glioblastoma patients (Briceño et al., 2007; Sotelo et al., 2006).  HCQ has 

been used in various clinical trials involving different malignancies, with therapeutic dosage 

determined by the cancer subtype and pre-existing treatment regimen (Rangwala et al., 2014b; a). 

Results from these trials have been varied, with HCQ treatment exerting little effect on patient 

health compared to controls (Rosenfeld et al., 2014; Goldberg et al., 2012; Mahalingam et al., 

2014). Furthermore, CQ was also shown to sensitise cancer cells to chemotherapy through 

autophagy-independent mechanisms. Thus, it is necessary to consider that the effects of 

CQ/HCQ may occur independently of direct flux inhibition (Maycotte et al., 2012). 

 

Accordingly, although lysosomotropic drugs such as HCQ attenuate autophagic flux, these 

compounds have been reported to activate a parallel noncanonical autophagy pathway that drives 

LC3 lipidation on endosomal membranes (Jacquin et al., 2017). Nonetheless, CQ and HCQ 

treatment undoubtedly compromise autophagic flux in vitro. However, readers should be aware that 

recent mechanistic insights have emerged comparing CQ to other lysosomal inhibitors such as 

Bafilomycin A1. CQ and HCQ inhibited autophagy by impairing autophagosome-lysosomal fusion, 

rather than by affecting the acidity and degradative activity of the autolysosome. CQ/HCQ 

administration has also been reported to cause defects in Golgi complex organisation in mouse 
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intestinal and kidney cells (Mauthe et al., 2018). These findings merit vital mechanistic 

consideration when interpreting and evaluating autophagy-associated compounds as precision 

therapeutics for cancer. As outlined in section 2, autophagy is a multistep pathway with several 

nodes representing attractive targets for drug discovery (e.g. inhibitors of ULK1/2, ATG4B, p62). 

At present, vital tool compounds exist, but their utility in disease models remains to be determined. 

Please consult (Limpert et al., 2018) for an up-to-date overview of small molecule modulation of 

autophagy in cancer. 

 

A large number of studies have shown that cancer cell subtypes respond differentially to autophagic 

inhibition. To this effect, RNAi-based studies in various breast cancer cell lines revealed a 

differential dependency on autophagy for proliferation and survival (Maycotte et al., 2014). In 

cancer subtypes where autophagy is dispensable for survival, autophagy inhibition may have only a 

modest effect. Accordingly, the degree of autophagy inhibition required for therapeutic efficacy 

may vary depending on its combination with a given chemotherapeutic strategy. In order to 

integrate autophagy therapeutics as part of a meaningful precision medicine approach, it will be 

necessary to devise standardised clinical protocols that incorporate the autophagy-dependence of 

cancer subtypes for predicted patient benefit. For a detailed overview of autophagy therapeutics and 

clinical trials in cancer, please refer to the excellent review by Mulcahy Levy and colleagues (Levy 

et al., 2017a).  

 

In BRAF-mutant melanoma, therapeutic inhibition of BRAF acts to increase autophagy (Ma et al., 

2014), and thus combination therapies targeting the increased autophagy as well as BRAF 

inhibition are proposed to combat tumourigenesis (Levy et al., 2017b; Wang et al., 2017).  

 

Autophagy also influences the survival of dormant breast cancer cells and metastatic tumour 

reoccurrence (Vera-Ramirez et al., 2018). Pharmacogenetic experiments demonstrated an essential 

role for ATG7 in this context, with selective inhibition of autophagic flux in dormant breast cancer 

cells showing promise as a potential anti-cancer strategy (Vera-Ramirez et al., 2018). The same 

approach also appears encouraging for epithelial ovarian cancer, which has a high mortality rate 

following relapse (Pagotto et al., 2017). Ovarian cancer stem cells (CSCs) are a rare cellular 

population that exhibit high levels of basal macroautophagy and chemoresistance and are predicted 

to be a significant contributor to malignancy. Genetic ablation of ATG5 or pharmacological 

inhibition of autophagic flux significantly diminished the tumourigenic potential of CSCs in vitro 

and in vivo, indicating a potentially effective strategy to combat chemoresistance and neoplastic 
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relapse in this scenario (Pagotto et al., 2017). Relevant links between autophagy and metastatic 

colon cancer have also emerged. Ragusa and colleagues identified a subset of cancer 

stem/progenitor cells, capable of PROX1-mediated metabolic adaptation in an autophagy-

dependant manner. These metabolic and autophagic changes in cancer cells appear to confer 

resistance to metabolic stress and promote their metastatic growth. Thus, inhibition of autophagy as 

part of combination therapy has been proposed as a strategy to attenuate the growth advantage of 

PROX1+ metastatic colon cancer cells (Ragusa et al., 2014). CMA and human cancer are also 

interconnected, with loss of LAMP-2A associated with attenuated tumourigenic potential (Kon et 

al., 2011; Thorburn and Debnath, 2011). 

 

A study by Karsli-Uzunbas et al. highlighted the challenges of broadly inhibiting autophagy in the 

clinic using a mouse model of KRAS driven-lung cancer, in which tumours developed before the 

systemic genetic ablation of Atg7 (Karsli-Uzunbas et al., 2014). In this context, autophagy 

inhibition by Atg7 whole body KO markedly decreased tumourigenesis in adult mice. Despite this 

elegant demonstration, these animals had reduced overall survival (two to three months) with an 

increased predisposition to bacterial infection and the onset of neurodegeneration (Karsli-Uzunbas 

et al., 2014). These data demonstrate that acute autophagy inhibition may be therapeutically 

beneficial in cancer, although several parameters (therapeutic window, drug safety, length of usage 

and drug site of action) will need to be carefully established to prevent secondary complications 

(Towers and Thorburn, 2016). This example also underscores the importance of developing 

targeted therapeutic strategies, which is particularly pertinent to post-mitotic tissues such as 

neurons, where autophagy is essential to sustain neural integrity. 

 

In healthy cells, autophagy is predicted to protect against malignant transformation by degrading 

toxic or superfluous cellular components (White, 2015). Nutrient deprivation is one of the best-

characterised signalling events known to induce macroautophagy (Laplante and Sabatini, 2012). In 

recent years, fasting and calorie restriction mimetics (e.g. hydroxycitrate) (Madeo et al., 2014) have 

garnered increased attention due to their reported influence on restricting cancer growth in vitro and 

in vivo (Pietrocola et al., 2016; Lee et al., 2012). In athymic mice with subcutaneous fibrosarcoma, 

a 48h starvation period or the use of calorie-restricted mimetics triggered an autophagy-dependent 

anti-cancer immune response. This beneficial effect was abolished when cancer cells were rendered 

autophagy-deficient upon Atg5 knockdown (Pietrocola et al., 2016). Autophagy-activating agents 

have also been demonstrated to improve the therapeutic response to multiple malignancies evolving 

in immunocompetent hosts (Galluzzi et al., 2017). Although the implementation of prolonged 
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fasting may be infeasible or unsuitable for many patients, alternate nutrient restriction approaches 

with similar benefits may represent a more sustainable intervention (Nencioni et al., 2018). For 

example, selective restriction of non-essential dietary amino acids (serine and glycine) in 

combination with biguanide inhibition of mitochondrial respiration has been associated with 

enhanced survival in cancer-prone mice (Maddocks et al., 2017). Neoadjuvant metformin treatment 

in breast cancer patients undergoing chemotherapy has also been shown to induce a systemic 

metabolic profile akin to that observed in fasting (Cuyàs et al., 2019). Interestingly, metformin is 

also known to inhibit mitochondrial complex I (Wheaton et al., 2014). These distinct studies 

underscore a significant convergence upon mitochondrial metabolism in the context of cancer 

(Maddocks et al., 2017; Cuyàs et al., 2019). 

 

Autophagy is required for adult mice to survive nutrient deprivation, and its loss creates a catabolic 

dependence on nutrient stores, leading to metabolic imbalance (Karsli-Uzunbas et al., 2014). As this 

imbalance depletes essential nutrients from fat, muscle and liver, it has been postulated to reflect the 

cachexia commonly associated with cancer progression (Poillet-Perez and White, 2019). 

Interestingly, autophagy-deficient mice have recently been identified to have reduced circulating 

levels of the semi-essential amino acid arginine (Poillet-Perez et al., 2018). Many human tumours 

are arginine auxotrophs and derive arginine from the host to sustain metabolism, growth and 

function. Diminished levels of circulating arginine in autophagy-deficient mice impaired tumour 

growth, and could be partially reversed by dietary supplementation of arginine (Poillet-Perez et al., 

2018). Thus, host autophagic activity may sustain tumour growth via supplementation with 

necessary amino acids. Accordingly, in some instances, autophagy inhibition could represent a 

potential therapeutic strategy to restrict the bioavailability of certain nutrients and thus, 

tumourigenesis (Poillet-Perez and White, 2019). 

 

The precise mechanistic relationship between autophagy, fasting, FMDs and the potentiation of 

chemotherapeutic efficacy in human subjects is unclear (Caccialanza et al., 2019). Extensive large-

scale clinical studies are ultimately required to establish the efficacy of fasting and FMDs for cancer 

therapy (Caccialanza et al., 2019; Nencioni et al., 2019). It will also be essential to determine the 

parameters required to obtain the maximum benefit from FMDs and related interventions. Are these 

interventions beneficial for a majority of patients, or should they be selectively employed in a 

patient-specific fashion, i.e. depending on the patient profile, cancer type and stage? Furthermore, at 

what stage would autophagy inhibition prove most therapeutically efficacious? Answering these 
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questions will be essential in harnessing the therapeutic potential of any autophagy-based 

intervention. 

 

A key challenge in the field is the development of clinical-grade diagnostics to monitor autophagy 

signalling in human patients. The capacity to rapidly assess autophagic status in clinical 

biospecimens will ultimately impact our physiological and mechanistic understanding of targeted 

treatments in this area and will be vital for shaping their evolution. Until these tools emerge, 

phenotypic profiling of patient-specific cancer subtypes may be a prerequisite to determine the 

value of autophagy modulation alongside ongoing treatment. Clinical trials aimed at uncovering 

cancer-specific autophagy biomarkers are underway and reviewed in (Levy et al., 2017a). 

 

An appraisal of the vast literature associated with modulating autophagy in cancer reveals a clear 

and unifying theme: it is a context-dependent process. Thus, the rigorous in vivo profiling of 

autophagy in relevant pre-clinical cancer models represents a distinct challenge for the field. 

 

4. Monitoring autophagy pathways in vivo: from bench to bedside  

 

Ultimately, implicating autophagy in any physiological system depends upon sensitive assays that 

can probe this process in a precise and cell-specific fashion. Our present-day understanding of these 

pathways in health and disease is ultimately due to continual advances in the development and 

refinement of tools to monitor autophagy using microscopy and biochemistry. We next outline 

critical developments in laboratory-based autophagy detection, with a view to the development of 

clinical diagnostics. 

 

4.1 Monitoring autophagy in the laboratory 

 

4.1.1 Macroautophagy 

Autophagy has been classically studied in cell culture using either metabolic or chemical stimuli. 

The most reliable readouts of autophagy are those based on converging data, e.g. monitoring 

autophagy flux of LC3 and p62 (and other autophagy associated factors) in the presence of the 

lysosomal vATPase inhibitor (e.g. Bafilomycin A1), and supported by fluorescence-based reporter 

assays or electron microscopy (the latter in the case of extreme phenotypes) (McWilliams and 

Ganley, 2019a). All of these assays have provided powerful insights into the mechanistic regulation 

of stimulus-induced macroautophagy in cultured cells. Tracking LC3 has provided powerful 
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insights into autophagosome formation (Kuma et al., 2017). Immunodetection or GFP-labelling of 

N-terminal LC3 has enabled the visualisation of phagophores and autophagosomes in cells as 

puncta or ring-like structures (Kuma et al., 2017). Pioneering work from Noboru Mizushima and 

colleagues using GFP-LC3 transgenic reporter mice revealed that macroautophagy also proceeds at 

basal levels to varying degrees across all mammalian tissues (Mizushima et al., 2004). Numerous 

studies in "macroautophagy-deficient" mice support the physiological significance of these 

findings, where loss of basal macroautophagy via conditional tissue-specific genetic ablation of 

Atg5/7 has profound effects in mammals depending on the cell subtype affected, e.g. selective loss 

of autophagy in the nervous system results in severe neurodegeneration, whilst the selective loss of 

macroautophagy in liver cells results in systemic glucose dysregulation and the onset of 

tumourigenesis (Takamura et al., 2011; Komatsu et al., 2006).  

 

Such fluorescence-based reporter systems have enabled researchers across many fields to 

interrogate the physiological significance of macroautophagy in vivo. Observations using the GFP-

LC3 approach require validation with lysosomal inhibitors to reliably interpret and infer changes in 

autophagic flux. This control is necessary due to the acid labile properties of GFP, whose 

fluorescence becomes quenched in the acidic microenvironment of the lysosome. Such a validation 

approach is particularly challenging with rodent models, as the effects of lysosomal inhibitors in 

vivo are far more variable than under controlled in vitro conditions. Since the initial development of 

the GFP-LC3 reporter mice, other probe systems have emerged with different properties that enable 

the facile detection of autophagy in vivo without the use of inhibitors. These approaches exploit the 

acid-resistance properties of other fluorescent proteins, e.g. those in the red spectrum. To this effect, 

tandem reporter systems have emerged as powerful tools to monitor autophagy pathways in cells 

and tissues. Tandem reporters involve the use of red-green fusion proteins (e.g. mCherry-GFP) that 

can demarcate both autophagosomes and autolysosomes. In merged images using this approach, 

yellow structures represent autophagosomes, whereas mCherry-only puncta represent 

autolysosomes (due to the quenching of GFP). Consequently, when autophagosome-lysosome 

fusion is blocked, only the number of yellow puncta increases. This method has been successfully 

deployed in mice and includes the tandem fluorescent-tagged (TfLC3) reporter mouse model 

(mRFP-EGFP-LC3) and mCherry-GFP-LC3B reporter mice (McWilliams et al., 2018a; Kimura et 

al., 2007). 

 

Another complementary approach to track autophagic flux in vivo involves the GFP-LC3-RFP-

LC3ΔG probe. This approach exploits ATG4-mediated cleavage to generate two products: GFP-
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LC3 and RFP-LC3ΔG. Ultimately, GFP-LC3 becomes degraded by autophagy and is quenched, 

whereas RFP-LC3ΔG remains stable (Kaizuka et al., 2016). Measurements of cellular GFP-

fluorescence intensity against total RFP-LC3ΔG fluorescence intensity provide a ratiometric 

readout of autophagic flux in cells and tissues. RFP-LC3ΔG cannot be lipidated due to the absence 

of c-terminal glycine, thus enhanced autophagy results in a decreased GFP:RFP ratio. Many of 

these tandem tag approaches have also been validated in Atg-null backgrounds (Kuma et al., 2017). 

As these reporter systems can measure basal autophagy in vivo without the need for validation by 

inhibitors, they provide a powerful way to clarify the contribution and importance of basal 

macroautophagy in healthy as well as neoplastic cells in vivo. For an excellent review of recent 

developments in this area, please consult (Kuma et al., 2017). 

 

4.1.2 Selective autophagy 

Damaged or defective cellular components can have deleterious effects on cellular function and 

viability. The sensing, identification and targeted destruction of such components can occur through 

selective autophagy. In this instance, damaged/defective cellular components become decorated 

with an "eat-me" signal (e.g. ubiquitin), and selectivity is conferred by cargo-specific receptors that 

engage the autophagy machinery (Rogov et al., 2014). Several receptors are associated with the 

selective autophagic degradation of a range of organelles, including mitochondria (mitophagy), 

peroxisomes (pexophagy), ferritin (ferritinophagy), endoplasmic reticulum (reticulophagy), nuclei 

(nucleophagy) and ribosomes (ribophagy). An excellent overview of these processes can be found 

in (Galluzzi et al., 2017a). 

 

Many of these selective autophagy pathways require detailed characterisation in vivo, and we have 

much to learn regarding their role in promoting or preventing tumourigenesis. We will focus on 

mitophagy due to recent advances in our molecular and physiological understanding of this process 

in tissues.  

 

 4.1.3 Focus on mitophagy 

Mitophagy is by far the most studied mode of selective autophagy in mammalian cells. For recent 

reviews on this topic, please consult (Palikaras et al., 2018; Rodger et al., 2018). At present, it 

seems that the term "mitophagy" was first used in a review by Scott and Klionsky in 1998 (Scott 

and Klionsky, 1998), and subsequently promoted by Lemasters in 2005 (Lemasters, 2005). The 

earliest description resembling our present-day understanding of mitophagy is the sequence of 

events leading to "mitochondrial degeneration", first visualised over 100 years ago using Janus 
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green dye in tissue cultures, in the landmark cell biology studies of Margaret Reed Lewis and 

Warren Lewis (Lewis and Lewis, 1915). It is essential to recognise that the idea of monitoring 

mitochondrial turnover has captivated investigators over the past several decades. This is evidenced 

by extensive work from the 1950s-1970s using electron microscopy, which identified the presence 

of mitochondria inside lysosomes within a variety of mammalian tissues under steady-state 

conditions (Clark, 1957; Novikoff and Essner, 1962). Radiolabelling of mitochondrial proteins was 

also used as a surrogate assay to measure mitochondrial turnover (Fletcher and Sanadi, 1961).  

A revival of this research area occurred in 2008, with the demonstration that overexpression of the 

RBR E3-ubiquitin ligase Parkin in HeLa cells could drive dramatic levels of mitochondrial turnover 

(mitophagy) in response to chemical agents that dissipate mitochondrial membrane potential 

(Narendra et al., 2008). This critical proof-of-principle study established a new framework to 

investigate the selective turnover of mitochondria in tissue culture. It was subsequently elaborated 

by many laboratories that mitochondrial depolarisation stabilises and activates the mitochondrial-

associated ubiquitin kinase PINK1 (McWilliams and Muqit, 2017). Ultimately, the substrates of 

PINK1 are Parkin and ubiquitin, which are both phosphorylated at their respective Serine 65 

residues. Through a coordinated series of events, depolarised mitochondria become decorated in a 

coat of ubiquitin via feed-forward amplification signalling. "Mitochondrial ubiquitylation" serves as 

a potent signal for the recruitment of the autophagy machinery and the elimination of the damaged 

organelle. This stress-induced pathway has dominated the attention of researchers in the field of 

mitophagy, yet its role in mitochondrial elimination in vivo remained obscure until the advent of 

mitophagy reporter mice (Jang et al., 2018; Palikaras et al., 2018).  

 

Like fluorescent macroautophagy reporter mice that revealed a landscape of tissue-specific bulk 

degradation, the recent advent of mitophagy reporter systems and their corresponding mouse 

models have also redefined our understanding of mammalian mitochondrial destruction in vivo 

(McWilliams et al., 2016; Sun et al., 2015). The development of the mito-QC and mitochondrial 

Keima (mt-Keima) mouse models signified an important advance in the field of mitochondrial 

biology (McWilliams et al., 2016; Sun et al., 2015). Keima is a coral-derived pH-sensitive 

fluorescent protein, which can fluoresce in different wavelengths, depending on acidification state. 

In the mt-Keima mouse model, Keima is present in the mitochondrial matrix due to a COX8 

targeting sequence and emits green-fluorescence. A shift to red-fluorescence is observed upon 

mitophagic delivery to the lysosome (Sun et al., 2015). In the mito-QC mouse model, cytosolic 

mitochondrial networks are visible in yellow due to a tandem mCherry-GFP tag on the outer 

mitochondrial membrane via the mitochondrial targeting sequence of FIS1 (McWilliams et al., 
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2018a, 2016, 2018b). Upon delivery of mitochondria to the lysosome as in mitophagy, GFP 

fluorescence is quenched yet the mCherry signal remains stable. The aforementioned reporter 

systems provide a simple approach to measure mitophagy, and a related reporter system known as 

mito-Timer enables a temporal assessment of mitochondrial age and biogenesis in vivo (Wilson et 

al., 2019). The latter system exploits the fluorescence shift of DsRed1-E5 from green to red over 

time.  

 

As with any model, all systems have different strengths and limitations, but collectively these mice 

have facilitated a converging conceptual advance in our understanding of  mitophagy as a steady 

state process during mammalian development and disease (McWilliams and Ganley, 2019b; Jang et 

al., 2018; Palikaras et al., 2018; Kuma et al., 2017). Under steady state conditions, mitophagy 

appears to be a highly pervasive process with striking heterogeneity, even between cells of the same 

organ. These observations at steady state contrast dramatically with the notion of mitophagy as an 

induced stress response (Rodger et al., 2018; Palikaras et al., 2018; Jang et al., 2018). Furthermore, 

the demonstration that basal mitophagy is evolutionarily conserved from Drosophila to mammals 

using both mt-Keima and mito-QC is further evidence that suggests that the modulation of basal 

mitochondrial turnover is likely to be critical to tissue-specific homeostasis and metabolism (Lee et 

al., 2018; Sun et al., 2015; McWilliams et al., 2016). The idea that distinct basal and stress-evoked 

pathways orchestrate mitophagy in vivo is exemplified by the many demonstrations that basal 

mitophagy is unaffected in cells and tissues that lack a functional PINK1-Parkin signalling pathway 

(either PINK1 KO or Parkin Ser65 KI mutant mice) (McWilliams et al., 2018b; a). Consistent with 

this, subsequent data demonstrated that p62 (SQSTM1) is likely to play a crucial role in modulating 

basal mitophagy in vivo (Yamada et al., 2018).  

 

Much more work will be required to decipher the molecular determinants of basal mitophagy in 

vivo. Nonetheless, it is clear that many pathways likely operate to coordinate the elimination of 

defective or damaged mitochondria in a context-specific fashion (Rodger et al., 2018; Jang et al., 

2018; Palikaras et al., 2018). A significant challenge in the field will be to reconcile in vitro 

observations to in vivo pathophysiology. A step in this direction has emerged recently by Soutar 

and colleagues, who identified that the concentration of serum and more specifically albumin in 

tissue culture media had a potent influence on mitochondrial membrane potential and activation of 

the PINK1-Parkin pathway (Soutar et al., 2019). Higher albumin levels in FBS/FCS required 

greater concentrations of the protonophore carbonyl cyanide m-chlorophenylhydrazone (CCCP) to 

depolarise mitochondria and activate PINK1-Parkin-dependent mitophagy in cultured cells. 
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However, this does not alter the depolarising effect of other agents known to activate this stress-

associated pathway (e.g. combined oligomycin and antimycin-A treatment) (Soutar et al., 2019). 

Such studies are particularly vital in the context of cancer biology, where recapitulating metabolic 

state is crucial for biological relevance (Voorde et al., 2019). It will be of considerable interest to 

determine the contribution of basal mitophagy to metabolic plasticity in cancer. 

 

Interestingly, aside from their role in modulating depolarisation-induced mitophagy in vitro, 

PINK1-Parkin signalling has long been linked with cancer biology. Indeed, Parkin has been 

proposed as a potential tumour suppressor (Bernardini et al., 2017; Veeriah et al., 2010). Links have 

also emerged between Parkin and glioblastoma via regulation of G1/S cyclins (Gong et al., 2014). 

In terms of tumour metabolism, loss of Parkin has been reported to drive the Warburg effect, a 

hallmark of many tumours (Zhang et al., 2011).  For an excellent review of Parkin signalling in 

oncology, please consult (Bernardini et al., 2017). Recently, a cullin RBR E3 ligase known as 

ARIH1 has been implicated in Parkin-independent mitophagy associated with protecting cancer 

cells from chemotherapy-induced cell death (Villa et al., 2017). Furthermore, prolonged mitotic 

arrest in cancer cells is associated with the induction of mitophagy, with AMPK and PFKFB3 

modulating the metabolic adaption and survival of cancer cells in this context (Doménech et al., 

2015). 

 

Mutations in PINK1 and Parkin are most known for their role in the neurodegenerative movement 

disorder, Parkinson's disease (PD) (Rodger et al., 2018; McWilliams and Muqit, 2017), yet the 

contribution of dysregulated mitophagy to PD pathology remains unclear. In terms of cancer 

biology, the inverse co-morbidity relationship between neurodegeneration and carcinogenesis is 

well known (Bajaj et al., 2010). However, an intriguing and somewhat overlooked point of 

convergence stems from epidemiological data demonstrating that PD patients have an increased risk 

of developing melanoma, but not other cancers (Bose et al., 2018; Ascherio and Schwarzschild, 

2016). Because defective macroautophagy is also associated with neuropathology (Menzies et al., 

2017), it will be interesting to investigate if this constitutes a pathogenic convergence point between 

these distinct disease states. 

 

In terms of modulating mitophagy in humans, Urolithin A (UA) has recently been reported to have 

metabolically-beneficial effects on mitochondrial function in humans (Andreux et al., 2019). 

Although UA modulates mitophagy in C. elegans and influences mitochondrial function in rodent 
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models (Ryu et al., 2016), it remains to be determined how UA administration influences 

mitophagy signalling in human tissues. 

 

 

4.2 Monitoring autophagy pathways in the clinic 

 

Despite significant advances in the experimental monitoring of macroautophagy and selective 

autophagy, there is still a long road to travel before reliable diagnostics can infer meaningful 

information about these cellular processes in the clinic. Autophagy is a context-specific process 

with different effects dependent upon cell and cancer type. Accordingly, the diagnostic value of 

measuring autophagy pathways in clinical specimens is advantageous for discovery science, but of 

limited use to clinical diagnostics at present (Galluzzi et al., 2017b). Many caveats exist with the 

current methods to monitor autophagy pathways, including the need to monitor flux as opposed to 

the level of LC3 lipidation. Furthermore, methods of measuring these can vary dramatically from 

laboratory to laboratory, and LC3 levels can also differ across samples. The emerging landscape of 

selective autophagy pathways indicates a growing need to identify pathway-specific receptors. Even 

more sensitive reporter systems will also be required to discriminate between these processes both 

in vitro and in vivo. Such developments will be essential to resolve the contribution of selective 

autophagy or macroautophagy pathways to a given cancer subtype.  

 

In order to effectively develop autophagy-specific therapies for the clinic, it will be essential to 

standardise longitudinal measurements of autophagy across many laboratories. Significant efforts in 

the global autophagy community are already underway to do this (Klionsky et al., 2016; Galluzzi et 

al., 2017a). Given the vast mechanistic heterogeneity in cancer cell biology, distinct autophagy-

related biomarkers will likely emerge that are suitable for subsets of particular cancers. It will be 

exciting to determine the predictive and prognostic value of such autophagic signatures in the 

context of cancer predisposition, progression and chemoresistance. 

 

5. Summary and future outlook 

 

It is difficult to generalise a single role for autophagy in cancer, as this multistep process can confer 

survival advantages to both tumour and host. More than any other disease field, cancer biologists 

have embraced complexity and recognised the context-dependent nature of autophagy and its 

emerging crosstalk with other pathways. This integrative approach surely signals a bright future 

ACCEPTED M
ANUSCRIP

T



Long & McWilliams, 2019 

20 

where the development of precision therapeutics that drive or diminish autophagy signalling in 

defined contexts could provide a clinically meaningful benefit for cancer patients. The rigorous and 

sensitive profiling of autophagy in well-controlled pre-clinical models will undoubtedly contribute 

towards achieving this goal. 

 

Conflict of interest 

None 

 

 

Funding 

We gratefully acknowledge generous funding support from the Academy of Finland, the Novo 

Nordisk Foundation, the Sigrid Jusélius Foundation, Sydäntutkimussäätiö and the University of 

Helsinki. 

 

Acknowledgements 

We thank members of the McWilliams lab for critical reading of the manuscript. We acknowledge 

Alex Merz (U. Wash) for useful insights that clarified the first known use of the term "mitophagy". 

Due to space constraints, we were unable to provide a full citation of all the relevant primary 

literature. We apologise to those whom we have omitted. 

 

 

  

ACCEPTED M
ANUSCRIP

T



Long & McWilliams, 2019 

21 

 

References 

 

Amaravadi, R., A.C. Kimmelman, and E. White. 2016. Recent insights into the function of 

autophagy in cancer. Genes Dev. doi:10.1101/gad.287524.116. 

 

Andreux, P.A., W. Blanco-Bose, D. Ryu, F. Burdet, M. Ibberson, P. Aebischer, J. Auwerx, A. 

Singh, and C. Rinsch. 2019. The mitophagy activator urolithin A is safe and induces a molecular 

signature of improved mitochondrial and cellular health in humans. Nat. Metab. 1:595–603. 

doi:10.1038/s42255-019-0073-4. 

 

Ascherio, A., and M.A. Schwarzschild. 2016. The epidemiology of Parkinson’s disease: risk factors 

and prevention. Lancet Neurol. 15:1257–1272. doi:10.1016/S1474-4422(16)30230-7. 

 

Bajaj, A., J.A. Driver, and E.S. Schernhammer. 2010. Parkinson’s disease and cancer risk: A 

systematic review and meta-analysis. Cancer Causes Control. doi:10.1007/s10552-009-9497-6. 

 

Bernardini, J.P., M. Lazarou, and G. Dewson. 2017. Parkin and mitophagy in cancer. Oncogene. 

doi:10.1038/onc.2016.302. 

 

Biazik, J., H. Vihinen, T. Anwar, E. Jokitalo, and E.L. Eskelinen. 2015. The versatile electron 

microscope: An ultrastructural overview of autophagy. Methods. doi:10.1016/j.ymeth.2014.11.013. 

 

Bissa, B., and V. Deretic. 2018. Autophagosome Formation: Cutting the Gordian Knot at the ER. 

Curr. Biol. doi:10.1016/j.cub.2018.03.015. 

 

Bose, A., G.A. Petsko, and D. Eliezer. 2018. Parkinson’s Disease and Melanoma: Co-Occurrence 

and Mechanisms. J. Parkinsons. Dis. 8:385–398. doi:10.3233/JPD-171263. 

 

Briceño, E., A. Calderon, and J. Sotelo. 2007. Institutional experience with chloroquine as an 

adjuvant to the therapy for glioblastoma multiforme. Surg. Neurol. 

doi:10.1016/j.surneu.2006.08.080. 

 

ACCEPTED M
ANUSCRIP

T



Long & McWilliams, 2019 

22 

Briceño, E., S. Reyes, and J. Sotelo. 2003. Therapy of glioblastoma multiforme improved by the 

antimutagenic chloroquine. Neurosurg. Focus. doi.org/10.3171/foc.2003.14.2.4. 

 

Bryant, K.L., C.A. Stalnecker, D. Zeitouni, J.E. Klomp, S. Peng, A.P. Tikunov, V. Gunda, M. 

Pierobon, A.M. Waters, S.D. George, G. Tomar, B. Papke, G.A. Hobbs, L. Yan, T.K. Hayes, J.N. 

Diehl, G.D. Goode, N. V. Chaika, Y. Wang, G.F. Zhang, A.K. Witkiewicz, E.S. Knudsen, E.F. 

Petricoin, P.K. Singh, J.M. Macdonald, N.L. Tran, C.A. Lyssiotis, H. Ying, A.C. Kimmelman, A.D. 

Cox, and C.J. Der. 2019. Combination of ERK and autophagy inhibition as a treatment approach for 

pancreatic cancer. Nat. Med. doi:10.1038/s41591-019-0368-8. 

 

Caccialanza, R., G. Aprile, E. Cereda, and P. Pedrazzoli. 2019. Fasting in oncology: a word of 

caution. Nat. Rev. Cancer. doi:10.1038/s41568-018-0098-0. 

 

Chen, Y., and L. Yu. 2013. Autophagic lysosome reformation. Exp. Cell Res. 

doi:10.1016/j.yexcr.2012.09.004. 

 

Clark, S. 1957. Cellular differentiation in the kidneys of newborn mice studied with the electron 

microscope. J. Biophys. Biochem. Cytol. doi:10.1083/jcb.3.3.349. 

 

Cuyàs, E., S. Fernández-Arroyo, M. Buxó, S. Pernas, J. Dorca, I. Álvarez, S. Martínez, J.M. Pérez-

Garcia, N. Batista-López, C.A. Rodríguez-Sánchez, K. Amillano, S. Domínguez, M. Luque, I. 

Morilla, A. Stradella, G. Viñas, J. Cortés, S. Verdura, J. Brunet, E. López-Bonet, M. Garcia, S. 

Saidani, J. Joven, B. Martin-Castillo, and J.A. Menendez. 2019. Metformin induces a fasting- and 

antifolate-mimicking modification of systemic host metabolism in breast cancer patients. Aging 

(Albany. NY). doi:10.18632/aging.101960. 

 

Doménech, E., C. Maestre, L. Esteban-Martínez, D. Partida, R. Pascual, G. Fernández-Miranda, E. 

Seco, R. Campos-Olivas, M. Pérez, D. Megias, K. Allen, M. López, A.K. Saha, G. Velasco, E. Rial, 

R. Méndez, P. Boya, M. Salazar-Roa, and M. Malumbres. 2015. AMPK and PFKFB3 mediate 

glycolysis and survival in response to mitophagy during mitotic arrest. Nat. Cell Biol. 

doi:10.1038/ncb3231. 

 

Fernández, Á.F., S. Sebti, Y. Wei, Z. Zou, M. Shi, K.L. McMillan, C. He, T. Ting, Y. Liu, W.C. 

Chiang, D.K. Marciano, G.G. Schiattarella, G. Bhagat, O.W. Moe, M.C. Hu, and B. Levine. 2018. 

ACCEPTED M
ANUSCRIP

T



Long & McWilliams, 2019 

23 

Disruption of the beclin 1-BCL2 autophagy regulatory complex promotes longevity in mice. 

Nature. doi:10.1038/s41586-018-0162-7. 

 

Fletcher, M.J., and D.R. Sanadi. 1961. Turnover of rat-liver mitochondria. BBA - Biochim. 

Biophys. Acta. doi:10.1016/0006-3002(61)90177-9. 

 

Frake, R.A., T. Ricketts, F.M. Menzies, and D.C. Rubinsztein. 2015. Autophagy and 

neurodegeneration. J. Clin. Invest. doi:10.1172/JCI73944. 

 

Galluzzi, L., E.H. Baehrecke, A. Ballabio, P. Boya, J.M. Bravo‐San Pedro, F. Cecconi, A.M. Choi, 

C.T. Chu, P. Codogno, M.I. Colombo, A.M. Cuervo, J. Debnath, V. Deretic, I. Dikic, E. Eskelinen, 

G.M. Fimia, S. Fulda, D.A. Gewirtz, D.R. Green, M. Hansen, J.W. Harper, M. Jäättelä, T. 

Johansen, G. Juhasz, A.C. Kimmelman, C. Kraft, N.T. Ktistakis, S. Kumar, B. Levine, C. Lopez‐

Otin, F. Madeo, S. Martens, J. Martinez, A. Melendez, N. Mizushima, C. Münz, L.O. Murphy, J.M. 

Penninger, M. Piacentini, F. Reggiori, D.C. Rubinsztein, K.M. Ryan, L. Santambrogio, L. Scorrano, 

A.K. Simon, H. Simon, A. Simonsen, N. Tavernarakis, S.A. Tooze, T. Yoshimori, J. Yuan, Z. Yue, 

Q. Zhong, and G. Kroemer. 2017a. Molecular definitions of autophagy and related processes. 

EMBO J. doi:10.15252/embj.201796697. 

 

Galluzzi, L., J.M. Bravo-San Pedro, B. Levine, D.R. Green, and G. Kroemer. 2017b. 

Pharmacological modulation of autophagy: Therapeutic potential and persisting obstacles. Nat. Rev. 

Drug Discov. doi:10.1038/nrd.2017.22. 

 

Galluzzi, L., J.M. Bravo-San Pedro, S. Demaria, S.C. Formenti, and G. Kroemer. 2017. Activating 

autophagy to potentiate immunogenic chemotherapy and radiation therapy. Nat. Rev. Clin. Oncol. 

14:247–258. doi:10.1038/nrclinonc.2016.183. 

 

Galluzzi, L., and D.R. Green. 2019. Autophagy-Independent Functions of the Autophagy 

Machinery. Cell. 177:1682–1699. doi:10.1016/J.CELL.2019.05.026. 

 

Ganley, I.G. 2013. Autophagosome maturation and lysosomal fusion. Essays Biochem. 

doi:10.1042/bse0550065. 

 

ACCEPTED M
ANUSCRIP

T



Long & McWilliams, 2019 

24 

Ge, L., D. Melville, M. Zhang, and R. Schekman. 2013. The ER–Golgi intermediate compartment 

is a key membrane source for the LC3 lipidation step of autophagosome biogenesis. Elife. 

doi:10.7554/elife.00947. 

 

Goldberg, S.B., J.G. Supko, J.W. Neal, A. Muzikansky, S. Digumarthy, P. Fidias, J.S. Temel, R.S. 

Heist, A.T. Shaw, P.O. McCarthy, T.J. Lynch, S. Sharma, J.E. Settleman, and L. V. Sequist. 2012. 

A phase i study of erlotinib and hydroxychloroquine in advanced non-small-cell lung cancer. J. 

Thorac. Oncol. doi:10.1097/JTO.0b013e318262de4a. 

 

Gong, Y., T.I. Zack, L.G.T. Morris, K. Lin, E. Hukkelhoven, R. Raheja, I.L. Tan, S. Turcan, S. 

Veeriah, S. Meng, A. Viale, S.E. Schumacher, P. Palmedo, R. Beroukhim, and T.A. Chan. 2014. 

Pan-cancer genetic analysis identifies PARK2 as a master regulator of G1/S cyclins. Nat. Genet. 

doi:10.1038/ng.2981. 

 

Hailey, D.W., A.S. Rambold, P. Satpute-Krishnan, K. Mitra, R. Sougrat, P.K. Kim, and J. 

Lippincott-Schwartz. 2010. Mitochondria Supply Membranes for Autophagosome Biogenesis 

during Starvation. Cell. doi:10.1016/j.cell.2010.04.009. 

 

Hanahan, D., and R.A. Weinberg. 2011. Hallmarks of cancer: the next generation. Cell. 144:646–

674. doi:10.1016/j.cell.2011.02.013. 

 

Itakura, E., C. Kishi-Itakura, and N. Mizushima. 2012. The hairpin-type tail-anchored SNARE 

syntaxin 17 targets to autophagosomes for fusion with endosomes/lysosomes. Cell. 

doi:10.1016/j.cell.2012.11.001. 

 

Jacquin, E., S. Leclerc-Mercier, C. Judon, E. Blanchard, S. Fraitag, and O. Florey. 2017. 

Pharmacological modulators of autophagy activate a parallel noncanonical pathway driving 

unconventional LC3 lipidation. Autophagy. doi:10.1080/15548627.2017.1287653. 

 

Jang, J.Y., A. Blum, J. Liu, and T. Finkel. 2018. The role of mitochondria in aging. J. Clin. Invest. 

doi:10.1172/JCI120842. 

 

Jiang, P., and N. Mizushima. 2014. Autophagy and human diseases. Cell Res. 

doi:10.1038/cr.2013.161. 

ACCEPTED M
ANUSCRIP

T



Long & McWilliams, 2019 

25 

 

Johnson, D.E., P. Ostrowski, V. Jaumouillé, and S. Grinstein. 2016. The position of lysosomes 

within the cell determines their luminal pH. J. Cell Biol. doi:10.1083/jcb.201507112. 

 

Kaizuka, T., H. Morishita, Y. Hama, S. Tsukamoto, T. Matsui, Y. Toyota, A. Kodama, T. Ishihara, 

T. Mizushima, and N. Mizushima. 2016. An Autophagic Flux Probe that Releases an Internal 

Control. Mol. Cell. doi:10.1016/j.molcel.2016.09.037. 

 

Karsli-Uzunbas, G., J.Y. Guo, S. Price, X. Teng, S. V. Laddha, S. Khor, N.Y. Kalaany, T. Jacks, 

C.S. Chan, J.D. Rabinowitz, and E. White. 2014. Autophagy is required for glucose homeostasis 

and lung tumor maintenance. Cancer Discov. doi:10.1158/2159-8290.CD-14-0363. 

 

Kauffman, E.C., C.J. Ricketts, S. Rais-Bahrami, Y. Yang, M.J. Merino, D.P. Bottaro, R. Srinivasan, 

and W.M. Linehan. 2014. Molecular genetics and cellular features of TFE3 and TFEB fusion 

kidney cancers. Nat. Rev. Urol. doi:10.1038/nrurol.2014.162. 

 

Kaushik, S., and A.M. Cuervo. 2012. Chaperone-mediated autophagy: A unique way to enter the 

lysosome world. Trends Cell Biol. doi:10.1016/j.tcb.2012.05.006. 

 

Kaushik, S., and A.M. Cuervo. 2018. The coming of age of chaperone-mediated autophagy. Nat. 

Rev. Mol. Cell Biol. doi:10.1038/s41580-018-0001-6. 

 

Khaminets, A., C. Behl, and I. Dikic. 2016. Ubiquitin-Dependent And Independent Signals In 

Selective Autophagy. Trends Cell Biol. doi:10.1016/j.tcb.2015.08.010. 

 

Kimmelman, A.C., and E. White. 2017. Autophagy and Tumor Metabolism. Cell Metab. 

doi:10.1016/j.cmet.2017.04.004. 

 

Kimura, S., T. Noda, and T. Yoshimori. 2007. Dissection of the autophagosome maturation process 

by a novel reporter protein, tandem fluorescent-tagged LC3. Autophagy. doi:10.4161/auto.4451. 

 

Kinsey, C.G., S.A. Camolotto, A.M. Boespflug, K.P. Guillen, M. Foth, A. Truong, S.S. Schuman, 

J.E. Shea, M.T. Seipp, J.T. Yap, L.D. Burrell, D.H. Lum, J.R. Whisenant, G.W. Gilcrease, C.C. 

Cavalieri, K.M. Rehbein, S.L. Cutler, K.E. Affolter, A.L. Welm, B.E. Welm, C.L. Scaife, E.L. 

ACCEPTED M
ANUSCRIP

T



Long & McWilliams, 2019 

26 

Snyder, and M. McMahon. 2019. Publisher Correction: Protective autophagy elicited by 

RAF→MEK→ERK inhibition suggests a treatment strategy for RAS-driven cancers. Nat. Med. 

25:861–861. doi:10.1038/s41591-019-0433-3. 

 

Klionsky, D.J., E.L. Eskelinen, and V. Deretic. 2014. Autophagosomes, phagosomes, 

autolysosomes, phagolysosomes, autophagolysosomes... Wait, I’m confused. Autophagy. 

doi:10.4161/auto.28448. 

 

Klionsky, D.J., K. Abdelmohsen, A. Abe, M.J. Abedin, H. Abeliovich, A.A. Arozena, H. Adachi, 

C.M. Adams, P.D. Adams, K. Adeli, P.J. Adhihetty, S.G. Adler, G. Agam, R. Agarwal, M.K. Aghi, 

M. Agnello, P. Agostinis, P. V. Aguilar, J. Aguirre-Ghiso, E.M. Airoldi, S. Ait-Si-Ali, T. 

Akematsu, E.T. Akporiaye, M. Al-Rubeai, G.M. Albaiceta, C. Albanese, D. Albani, M.L. Albert, J. 

Aldudo, H. Algül, M. Alirezaei, I. Alloza, A. Almasan, M. Almonte-Beceril, E.S. Alnemri, C. 

Alonso, N. Altan-Bonnet, D.C. Altieri, S. Alvarez, L. Alvarez-Erviti, S. Alves, G. Amadoro, A. 

Amano, C. Amantini, S. Ambrosio, I. Amelio, A.O. Amer, M. Amessou, A. Amon, Z. An, F.A. 

Anania, S.U. Andersen, U.P. Andley, C.K. Andreadi, N. Andrieu-Abadie, A. Anel, D.K. Ann, S. 

Anoopkumar-Dukie, M. Antonioli, H. Aoki, N. Apostolova, S. Aquila, K. Aquilano, K. Araki, E. 

Arama, A. Aranda, J. Araya, A. Arcaro, E. Arias, H. Arimoto, A.R. Ariosa, J.L. Armstrong, T. 

Arnould, I. Arsov, K. Asanuma, V. Askanas, E. Asselin, R. Atarashi, S.S. Atherton, J.D. Atkin, 

L.D. Attardi, P. Auberger, G. Auburger, L. Aurelian, R. Autelli, L. Avagliano, M.L. Avantaggiati, 

L. Avrahami, N. Azad, S. Awale, T. Bachetti, J.M. Backer, D.H. Bae, J.S. Bae, O.N. Bae, S.H. Bae, 

E.H. Baehrecke, S.H. Baek, et al. 2016. Guidelines for the use and interpretation of assays for 

monitoring autophagy (3rd edition). Autophagy. doi:10.1080/15548627.2015.1100356. 

 

Komatsu, M., S. Waguri, T. Chiba, S. Murata, J.I. Iwata, I. Tanida, T. Ueno, M. Koike, Y. 

Uchiyama, E. Kominami, and K. Tanaka. 2006. Loss of autophagy in the central nervous system 

causes neurodegeneration in mice. Nature. doi:10.1038/nature04723. 

 

Kon, M., R. Kiffin, H. Koga, J. Chapochnick, F. Macian, L. Varticovski, and A.M. Cuervo. 2011. 

Chaperone-mediated autophagy is required for tumor growth. Sci. Transl. Med. 

doi:10.1126/scitranslmed.3003182. 

 

Ktistakis, N.T. 2017. In praise of M. Anselmier who first used the term “autophagie” in 1859. 

Autophagy. doi:10.1080/15548627.2017.1367473. 

ACCEPTED M
ANUSCRIP

T



Long & McWilliams, 2019 

27 

 

Kuma, A., M. Komatsu, and N. Mizushima. 2017. Autophagy-monitoring and autophagy-deficient 

mice. Autophagy. doi:10.1080/15548627.2017.1343770. 

 

Laplante, M., and D.M. Sabatini. 2012. MTOR signaling in growth control and disease. Cell. 

doi:10.1016/j.cell.2012.03.017. 

 

Lee, C., L. Raffaghello, S. Brandhorst, F.M. Safdie, G. Bianchi, A. Martin-Montalvo, V. Pistoia, M. 

Wei, S. Hwang, A. Merlino, L. Emionite, R. De Cabo, and V.D. Longo. 2012. Fasting cycles retard 

growth of tumors and sensitize a range of cancer cell types to chemotherapy. Sci. Transl. Med. 

doi:10.1126/scitranslmed.3003293. 

 

Lemasters, J.J. 2005. Selective mitochondrial autophagy, or mitophagy, as a targeted defense 

against oxidative stress, mitochondrial dysfunction, and aging. Rejuvenation Res. 8:3–5. 

doi:10.1089/rej.2005.8.3. 

 

Levy, J.M.M., C.G. Towers, and A. Thorburn. 2017. Targeting autophagy in cancer. Nat. Rev. 

Cancer. 17:528–542. doi:10.1038/nrc.2017.53. 

 

Levy, J.M.M., S. Zahedi, A.M. Griesinger, A. Morin, K.D. Davies, D.L. Aisner, B.K. 

Kleinschmidt-DeMasters, B.E. Fitzwalter, M.L. Goodall, J. Thorburn, V. Amani, A.M. Donson, 

D.K. Birks, D.M. Mirsky, T.C. Hankinson, M.H. Handler, A.L. Green, R. Vibhakar, N.K. Foreman, 

and A. Thorburn. 2017. Autophagy inhibition overcomes multiple mechanisms of resistance to 

BRAF inhibition in brain tumors. Elife. doi:10.7554/eLife.19671. 

 

Lewis, M.R., and W.H. Lewis. 1915. Mitochondria (and other cytoplasmic structures) in tissue 

cultures. Am. J. Anat. doi:10.1002/aja.1000170304. 

 

Liang, C., P. Feng, B. Ku, I. Dotan, D. Canaani, B.H. Oh, and J.U. Jung. 2006. Autophagic and 

tumour suppressor activity of a novel Beclin1-binding protein UVRAG. Nat. Cell Biol. 

doi:10.1038/ncb1426. 

 

Liang, X.H., S. Jackson, M. Seaman, K. Brown, B. Kempkes, H. Hibshoosh, and B. Levine. 1999. 

Induction of autophagy and inhibition of tumorigenesis by beclin 1. Nature. doi:10.1038/45257. 

ACCEPTED M
ANUSCRIP

T



Long & McWilliams, 2019 

28 

 

Lim, C.Y., and R. Zoncu. 2016. The lysosome as a command-and-control center for cellular 

metabolism. J. Cell Biol. doi:10.1083/jcb.201607005. 

 

Limpert, A.S., L.J. Lambert, N.A. Bakas, N. Bata, S.N. Brun, R.J. Shaw, and N.D.P. Cosford. 2018. 

Autophagy in Cancer: Regulation by Small Molecules. Trends Pharmacol. Sci. 39:1021–1032. 

doi:10.1016/j.tips.2018.10.004. 

 

Lin, S.Y., T.Y. Li, Q. Liu, C. Zhang, X. Li, Y. Chen, S.M. Zhang, G. Lian, Q. Liu, K. Ruan, Z. 

Wang, C.S. Zhang, K.Y. Chien, J. Wu, Q. Li, J. Han, and S.C. Lin. 2012. GSK3-TIP60-ULK1 

signaling pathway links growth factor deprivation to autophagy. Science. 

doi:10.1126/science.1217032. 

 

Lopez, A., A. Fleming, and D.C. Rubinsztein. 2018. Seeing is believing: methods to monitor 

vertebrate autophagy in vivo. Open Biol. 8:180106. doi:10.1098/rsob.180106. 

 

Ma, X.H., S.F. Piao, S. Dey, Q. McAfee, G. Karakousis, J. Villanueva, L.S. Hart, S. Levi, J. Hu, G. 

Zhang, R. Lazova, V. Klump, J.M. Pawelek, X. Xu, W. Xu, L.M. Schuchter, M.A. Davies, M. 

Herlyn, J. Winkler, C. Koumenis, and R.K. Amaravadi. 2014. Targeting ER stress-induced 

autophagy overcomes BRAF inhibitor resistance in melanoma. J. Clin. Invest. 

doi:10.1172/JCI70454. 

 

Maddocks, O.D.K., D. Athineos, E.C. Cheung, P. Lee, T. Zhang, N.J.F. Van Den Broek, G.M. 

Mackay, C.F. Labuschagne, D. Gay, F. Kruiswijk, J. Blagih, D.F. Vincent, K.J. Campbell, F. 

Ceteci, O.J. Sansom, K. Blyth, and K.H. Vousden. 2017. Modulating the therapeutic response of 

tumours to dietary serine and glycine starvation. Nature. doi:10.1038/nature22056. 

 

Madeo, F., F. Pietrocola, T. Eisenberg, and G. Kroemer. 2014. Caloric restriction mimetics: 

Towards a molecular definition. Nat. Rev. Drug Discov. doi:10.1038/nrd4391. 

 

Mahalingam, D., M. Mita, J. Sarantopoulos, L. Wood, R.K. Amaravadi, L.E. Davis, A.C. Mita, T.J. 

Curiel, C.M. Espitia, S.T. Nawrocki, F.J. Giles, and J.S. Carew. 2014. Combined autophagy and 

HDAC inhibition: A phase I safety, tolerability, pharmacokinetic, and pharmacodynamic analysis 

ACCEPTED M
ANUSCRIP

T



Long & McWilliams, 2019 

29 

of hydroxychloroquine in combination with the HDAC inhibitor vorinostat in patients with 

advanced solid tumors. Autophagy. doi:10.4161/auto.29231. 

 

Mainz, L., and M.T. Rosenfeldt. 2018. Autophagy and cancer – insights from mouse models. FEBS 

J. doi:10.1111/febs.14274. 

 

Marcassa, E., A. Kallinos, J. Jardine, E. V Rusilowicz‐Jones, A. Martinez, S. Kuehl, M. Islinger, 

M.J. Clague, and S. Urbé. 2018. Dual role of USP30 in controlling basal pexophagy and mitophagy. 

EMBO Rep. doi:10.15252/embr.201745595. 

 

Mathew, R., C.M. Karp, B. Beaudoin, N. Vuong, G. Chen, H.Y. Chen, K. Bray, A. Reddy, G. 

Bhanot, C. Gelinas, R.S. DiPaola, V. Karantza-Wadsworth, and E. White. 2009. Autophagy 

Suppresses Tumorigenesis through Elimination of p62. Cell. doi:10.1016/j.cell.2009.03.048. 

 

Matsui, T., P. Jiang, S. Nakano, Y. Sakamaki, H. Yamamoto, and N. Mizushima. 2018. 

Autophagosomal YKT6 is required for fusion with lysosomes independently of syntaxin 17. J. Cell 

Biol. doi:10.1083/jcb.201712058. 

 

Mauthe, M., I. Orhon, C. Rocchi, X. Zhou, M. Luhr, K.J. Hijlkema, R.P. Coppes, N. Engedal, M. 

Mari, and F. Reggiori. 2018. Chloroquine inhibits autophagic flux by decreasing autophagosome-

lysosome fusion. Autophagy. doi:10.1080/15548627.2018.1474314. 

 

Maycotte, P., S. Aryal, C.T. Cummings, J. Thorburn, M.J. Morgan, and A. Thorburn. 2012. 

Chloroquine sensitizes breast cancer cells to chemotherapy independent of autophagy. Autophagy. 

doi:10.4161/auto.8.2.18554. 

 

Maycotte, P., C.M. Gearheart, R. Barnard, S. Aryal, J.M.M. Levy, S.P. Fosmire, R.J. Hansen, M.J. 

Morgan, C.C. Porter, D.L. Gustafson, and A. Thorburn. 2014. STAT3-Mediated autophagy 

dependence identifies subtypes of breast cancer where autophagy inhibition can be efficacious. 

Cancer Res. doi:10.1158/0008-5472.CAN-13-3470. 

 

McWilliams, T.G., E. Barini, R. Pohjolan-Pirhonen, S.P. Brooks, F. Singh, S. Burel, K. Balk, A. 

Kumar, L. Montava-Garriga, A.R. Prescott, S.M. Hassoun, F. Mouton-Liger, G. Ball, R. Hills, A. 

Knebel, A. Ulusoy, D.A. Di Monte, J. Tamjar, O. Antico, K. Fears, L. Smith, R. Brambilla, E. 

ACCEPTED M
ANUSCRIP

T



Long & McWilliams, 2019 

30 

Palin, M. Valori, J. Eerola-Rautio, P. Tienari, O. Corti, S.B. Dunnett, I.G. Ganley, A. Suomalainen, 

and M.M.K. Muqit. 2018a. Phosphorylation of Parkin at serine 65 is essential for its activation in 

vivo. Open Biol. doi:10.1098/rsob.180108. 

 

McWilliams, T. G., & Ganley, I. G. (2019). Investigating Mitophagy and Mitochondrial 

Morphology In Vivo Using mito-QC: A Comprehensive Guide. Autophagy. Methods in molecular 

biology. Humana Press, New York, NY (Vol. 1880, pp. 621–642).  

doi:10.1007/978-1-4939-8873-0_41. 

 

McWilliams, T.G., and M.M. Muqit. 2017. PINK1 and Parkin: emerging themes in mitochondrial 

homeostasis. Curr. Opin. Cell Biol. doi:10.1016/j.ceb.2017.03.013. 

 

McWilliams, T.G., A.R. Prescott, G.F.G. Allen, J. Tamjar, M.J. Munson, C. Thomson, M.M.K. 

Muqit, and I.G. Ganley. 2016. Mito-QC illuminates mitophagy and mitochondrial architecture in 

vivo. J. Cell Biol. doi:10.1083/jcb.201603039. 

 

McWilliams, T.G., A.R. Prescott, L. Montava-Garriga, G. Ball, F. Singh, E. Barini, M.M.K. Muqit, 

S.P. Brooks, and I.G. Ganley. 2018b. Basal Mitophagy Occurs Independently of PINK1 in Mouse 

Tissues of High Metabolic Demand. Cell Metab. doi:10.1016/j.cmet.2017.12.008. 

 

Mejlvang, J., H. Olsvik, S. Svenning, J.A. Bruun, Y.P. Abudu, K.B. Larsen, A. Brech, T.E. Hansen, 

H. Brenne, T. Hansen, H. Stenmark, and T. Johansen. 2018. Starvation induces rapid degradation of 

selective autophagy receptors by endosomal microautophagy. J. Cell Biol. 

doi:10.1083/jcb.201711002. 

 

Menzies, F.M., A. Fleming, A. Caricasole, C.F. Bento, S.P. Andrews, A. Ashkenazi, J. Füllgrabe, 

A. Jackson, M. Jimenez Sanchez, C. Karabiyik, F. Licitra, A. Lopez Ramirez, M. Pavel, C. Puri, M. 

Renna, T. Ricketts, L. Schlotawa, M. Vicinanza, H. Won, Y. Zhu, J. Skidmore, and D.C. 

Rubinsztein. 2017. Autophagy and Neurodegeneration: Pathogenic Mechanisms and Therapeutic 

Opportunities. Neuron. 93:1015–1034. doi:10.1016/j.neuron.2017.01.022. 

 

Mizushima, N. 2017. The exponential growth of autophagy-related research: from the humble yeast 

to the Nobel Prize. FEBS Lett. doi:10.1002/1873-3468.12594. 

 

ACCEPTED M
ANUSCRIP

T



Long & McWilliams, 2019 

31 

Mizushima, N. 2018. A brief history of autophagy from cell biology to physiology and disease. Nat. 

Cell Biol. doi:10.1038/s41556-018-0092-5. 

 

Mizushima, N., A. Kuma, Y. Kobayashi, A. Yamamoto, M. Matsubae, T. Takao, T. Natsume, Y. 

Ohsumi, and T. Yoshimori. 2003. Mouse Apg16L, a novel WD-repeat protein, targets to the 

autophagic isolation membrane with the Apg12-Apg5 conjugate. J. Cell Sci. 116:1679–88. doi: 

10.1242/jcs.00381. 

 

Mizushima, N., A. Yamamoto, M. Matsui, T. Yoshimori, and Y. Ohsumi. 2004. In Vivo Analysis 

of Autophagy in Response to Nutrient Starvation Using Transgenic Mice Expressing a Fluorescent 

Autophagosome Marker. Mol. Biol. Cell. 15:1101–1111. doi:10.1091/mbc.e03-09-0704. 

 

Munson, M.J., G.F. Allen, R. Toth, D.G. Campbell, J.M. Lucocq, and I.G. Ganley. 2015. mTOR 

activates the VPS34-UVRAG complex to regulate autolysosomal tubulation and cell survival. 

EMBO J. doi:10.15252/embj.201590992. 

 

Narendra, D., A. Tanaka, D.F. Suen, and R.J. Youle. 2008. Parkin is recruited selectively to 

impaired mitochondria and promotes their autophagy. J. Cell Biol. doi:10.1083/jcb.200809125. 

 

Nassour, J., R. Radford, A. Correia, J.M. Fusté, B. Schoell, A. Jauch, R.J. Shaw, and J. Karlseder. 

2019. Autophagic cell death restricts chromosomal instability during replicative crisis. Nature. 

doi:10.1038/s41586-019-0885-0. 

 

The National Cancer Institute, 2018. Pancreatic Cancer - Cancer Stat Facts, accessed 11 May 2019, 

 <https://seer.cancer.gov/statfacts/html/pancreas.html> 

 

Nencioni, A., I. Caffa, S. Cortellino, and V.D. Longo. 2018. Fasting and cancer: molecular 

mechanisms and clinical application. Nat. Rev. Cancer. doi:10.1038/s41568-018-0061-0. 

 

Nencioni, A., I. Caffa, S. Cortellino, and V.D. Longo. 2019. Reply to ‘Fasting in oncology: a word 

of caution.’ Nat. Rev. Cancer. doi:10.1038/s41568-018-0100-x. 

 

ACCEPTED M
ANUSCRIP

T



Long & McWilliams, 2019 

32 

Nishida, Y., S. Arakawa, K. Fujitani, H. Yamaguchi, T. Mizuta, T. Kanaseki, M. Komatsu, K. Otsu, 

Y. Tsujimoto, and S. Shimizu. 2016. Erratum: Corrigendum: Discovery of Atg5/Atg7-independent 

alternative macroautophagy. Nature. 533:130–130. doi:10.1038/nature16538. 

 

Novikoff, A.B., and E. Essner. 1962. Cytolysomes and mitochondrial degeneration. J. Cell Biol. 

doi:10.1083/jcb.15.1.140. 

 

Okamoto, K. 2014. Organellophagy: Eliminating cellular building blocks via selective autophagy. J. 

Cell Biol. doi:10.1083/jcb.201402054. 

 

Pagotto, A., G. Pilotto, E.L. Mazzoldi, M.O. Nicoletto, S. Frezzini, A. Pastò, and A. Amadori. 

2017. Autophagy inhibition reduces chemoresistance and tumorigenic potential of human ovarian 

cancer stem cells. Cell Death Dis. doi:10.1038/cddis.2017.327. 

 

Palikaras, K., E. Lionaki, and N. Tavernarakis. 2018. Mechanisms of mitophagy in cellular 

homeostasis, physiology and pathology. Nat. Cell Biol. doi:10.1038/s41556-018-0176-2. 

 

Pattingre, S., A. Tassa, X. Qu, R. Garuti, H.L. Xiao, N. Mizushima, M. Packer, M.D. Schneider, 

and B. Levine. 2005. Bcl-2 antiapoptotic proteins inhibit Beclin 1-dependent autophagy. Cell. 

doi:10.1016/j.cell.2005.07.002. 

 

Perera, R.M., C. Di Malta, and A. Ballabio. 2018. MiT/TFE Family of Transcription Factors, 

Lysosomes, and Cancer. Annu. Rev. Cancer Biol. doi:10.1146/annurev-cancerbio-030518-055835. 

 

Perera, R.M., S. Stoykova, B.N. Nicolay, K.N. Ross, J. Fitamant, M. Boukhali, J. Lengrand, V. 

Deshpande, M.K. Selig, C.R. Ferrone, J. Settleman, G. Stephanopoulos, N.J. Dyson, R. Zoncu, S. 

Ramaswamy, W. Haas, and N. Bardeesy. 2015. Transcriptional control of autophagy-lysosome 

function drives pancreatic cancer metabolism. Nature. doi:10.1038/nature14587. 

 

Pietrocola, F., J. Pol, E. Vacchelli, S. Rao, D.P. Enot, E.E. Baracco, S. Levesque, F. Castoldi, N. 

Jacquelot, T. Yamazaki, L. Senovilla, G. Marino, F. Aranda, S. Durand, V. Sica, A. Chery, S. 

Lachkar, V. Sigl, N. Bloy, A. Buque, S. Falzoni, B. Ryffel, L. Apetoh, F. Di Virgilio, F. Madeo, 

M.C. Maiuri, L. Zitvogel, B. Levine, J.M. Penninger, and G. Kroemer. 2016. Caloric Restriction 

Mimetics Enhance Anticancer Immunosurveillance. Cancer Cell. doi:10.1016/j.ccell.2016.05.016. 

ACCEPTED M
ANUSCRIP

T



Long & McWilliams, 2019 

33 

 

Poillet-Perez, L., and E. White. 2019. Role of tumor and host autophagy in cancer metabolism. 

Genes Dev. 33:610–619. doi:10.1101/gad.325514.119. 

 

Poillet-Perez, L., X. Xie, L. Zhan, Y. Yang, D.W. Sharp, Z.S. Hu, X. Su, A. Maganti, C. Jiang, W. 

Lu, H. Zheng, M.W. Bosenberg, J.M. Mehnert, J.Y. Guo, E. Lattime, J.D. Rabinowitz, and E. 

White. 2018. Autophagy maintains tumour growth through circulating arginine. Nature. 

doi:10.1038/s41586-018-0697-7. 

 

Qu, X., J. Yu, G. Bhagat, N. Furuya, H. Hibshoosh, A. Troxel, J. Rosen, E.-L. Eskelinen, N. 

Mizushima, Y. Ohsumi, G. Cattoretti, and B. Levine. 2003. Promotion of tumorigenesis by 

heterozygous disruption of the beclin 1 autophagy gene. J. Clin. Invest. doi:10.1172/JCI20039. 

 

Ra, E.A., T.A. Lee, S. Won Kim, A. Park, H. jin Choi, I. Jang, S. Kang, J. Hee Cheon, J.W. Cho, J. 

Eun Lee, S. Lee, and B. Park. 2016. TRIM31 promotes Atg5/Atg7-independent autophagy in 

intestinal cells. Nat. Commun. 7:11726. doi:10.1038/ncomms11726. 

 

Rabinowitz, J.D., and E. White. 2010. Autophagy and metabolism. Science 330(6009). 

doi:10.1126/science.1193497. 

 

Ragusa, S., J. Cheng, K.I. Ivanov, N. Zangger, F. Ceteci, J. Bernier-Latmani, S. Milatos, J.M. 

Joseph, S. Tercier, H. Bouzourene, F.T. Bosman, I. Letovanec, G. Marra, M. Gonzalez, P. 

Cammareri, O.J. Sansom, M. Delorenzi, and T. V. Petrova. 2014. PROX1 promotes metabolic 

adaptation and fuels outgrowth of Wnt high metastatic colon cancer cells. Cell Rep. 

doi:10.1016/j.celrep.2014.08.041. 

 

Rangwala, R., Y.C. Chang, J. Hu, K.M. Algazy, T.L. Evans, L.A. Fecher, L.M. Schuchter, D.A. 

Torigian, J.T. Panosian, A.B. Troxel, K.S. Tan, D.F. Heitjan, A.M. DeMichele, D.J. Vaughn, M. 

Redlinger, A. Alavi, J. Kaiser, L. Pontiggia, L.E. Davis, P.J. O’Dwyer, and R.K. Amaravadi. 2014a. 

Combined MTOR and autophagy inhibition: Phase I trial of hydroxychloroquine and temsirolimus 

in patients with advanced solid tumors and melanoma. Autophagy. doi:10.4161/auto.29119. 

 

Rangwala, R., R. Leone, Y.C. Chang, L.A. Fecher, L.M. Schuchter, A. Kramer, K.S. Tan, D.F. 

Heitjan, G. Rodgers, M. Gallagher, S. Piao, A.B. Troxel, T.L. Evans, A.M. DeMichele, K.L. 

ACCEPTED M
ANUSCRIP

T



Long & McWilliams, 2019 

34 

Nathanson, P.J. O’Dwyer, J. Kaiser, L. Pontiggia, L.E. Davis, and R.K. Amaravadi. 2014b. Phase I 

trial of hydroxychloroquine with dose-intense temozolomide in patients with advanced solid tumors 

and melanoma. Autophagy. doi:10.4161/auto.29118. 

 

Rodger, C.E., T.G. McWilliams, and I.G. Ganley. 2018. Mammalian mitophagy – from in vitro 

molecules to in vivo models. FEBS J. doi:10.1111/febs.14336. 

 

Rogov, V., V. Dötsch, T. Johansen, and V. Kirkin. 2014. Interactions between Autophagy 

Receptors and Ubiquitin-like Proteins Form the Molecular Basis for Selective Autophagy. Mol. 

Cell. doi:10.1016/j.molcel.2013.12.014. 

 

Rosenfeldt, M.T., J. O’Prey, L. Flossbach, C. Nixon, J.P. Morton, O.J. Sansom, and K.M. Ryan. 

2017. PTEN deficiency permits the formation of pancreatic cancer in the absence of autophagy. 

Cell Death Differ. doi:10.1038/cdd.2016.120. 

 

Rosenfeldt, M.T., J. O’Prey, J.P. Morton, C. Nixon, G. Mackay, A. Mrowinska, A. Au, T.S. Rai, L. 

Zheng, R. Ridgway, P.D. Adams, K.I. Anderson, E. Gottlieb, O.J. Sansom, and K.M. Ryan. 2013. 

P53 status determines the role of autophagy in pancreatic tumour development. Nature. 

doi:10.1038/nature12865. 

 

Rosenfeld, M.R., X. Ye, J.G. Supko, S. Desideri, S.A. Grossman, S. Brem, T. Mikkelson, D. Wang, 

Y.C. Chang, J. Hu, Q. McAfee, J. Fisher, A.B. Troxel, S. Piao, D.F. Heitjan, K.-S. Tan, L. 

Pontiggia, P.J. O’Dwyer, L.E. Davis, and R.K. Amaravadi. 2014. A phase I/II trial of 

hydroxychloroquine in conjunction with radiation therapy and concurrent and adjuvant 

temozolomide in patients with newly diagnosed glioblastoma multiforme. Autophagy. 10:1359–

1368. doi:10.4161/auto.28984. 

 

Ryu, D., L. Mouchiroud, P.A. Andreux, E. Katsyuba, N. Moullan, A.A. Nicolet-Dit-Félix, E.G. 

Williams, P. Jha, G. Lo Sasso, D. Huzard, P. Aebischer, C. Sandi, C. Rinsch, and J. Auwerx. 2016. 

Urolithin A induces mitophagy and prolongs lifespan in C. elegans and increases muscle function in 

rodents. Nat. Med. doi:10.1038/nm.4132. 

 

Santana-Codina, N., and J.D. Mancias. 2018. The role of NCOA4-mediated ferritinophagy in health 

and disease. Pharmaceuticals. doi:10.3390/ph11040114. 

ACCEPTED M
ANUSCRIP

T



Long & McWilliams, 2019 

35 

 

Scott, S. V, and D.J. Klionsky. 1998. Delivery of proteins and organelles to the vacuole from the 

cytoplasm. Curr. Opin. Cell Biol. doi.org/10.1016/S0955-0674(98)80068-9. 

 

Shima, T., H. Kirisako, and H. Nakatogawa. 2019. COPII vesicles contribute to autophagosomal 

membranes. J. Cell Biol. doi:10.1083/jcb.201809032. 

 

Sotelo, J., E. Briceño, and M.A. López-González. 2006. Adding chloroquine to conventional 

treatment for glioblastoma multiforme: A randomized, double-blind, placebo-controlled trial. Ann. 

Intern. Med. doi:10.7326/0003-4819-144-5-200603070-00008. 

 

Soutar, M.P.M., L. Kempthorne, E. Annuario, C. Luft, S. Wray, R. Ketteler, M.H.R. Ludtmann, and 

H. Plun-Favreau. 2019. FBS/BSA media concentration determines CCCP’s ability to depolarize 

mitochondria and activate PINK1-PRKN mitophagy. Autophagy. 

doi:10.1080/15548627.2019.1603549. 

 

Sun, N., J. Yun, J. Liu, D. Malide, C. Liu, I.I. Rovira, K.M. Holmström, M.M. Fergusson, Y.H. 

Yoo, C.A. Combs, and T. Finkel. 2015. Measuring In Vivo Mitophagy. Mol. Cell. 

doi:10.1016/j.molcel.2015.10.009. 

 

Takamura, A., M. Komatsu, T. Hara, A. Sakamoto, C. Kishi, S. Waguri, Y. Eishi, O. Hino, K. 

Tanaka, and N. Mizushima. 2011. Autophagy-deficient mice develop multiple liver tumors. Genes 

Dev. doi:10.1101/gad.2016211. 

 

Thorburn, A., and J. Debnath. 2011. Targeting chaperone-mediated autophagy in cancer. Sci. 

Transl. Med. doi:10.1126/scitranslmed.3003390. 

 

Towers, C.G., and A. Thorburn. 2016. Therapeutic Targeting of Autophagy. EBioMedicine. 

doi:10.1016/j.ebiom.2016.10.034. 

 

Valverde, D.P., S. Yu, V. Boggavarapu, N. Kumar, J.A. Lees, T. Walz, K.M. Reinisch, and T.J. 

Melia. 2019. ATG2 transports lipids to promote autophagosome biogenesis. J. Cell Biol. 

jcb.201811139. doi:10.1083/jcb.201811139. 

 

ACCEPTED M
ANUSCRIP

T



Long & McWilliams, 2019 

36 

Veeriah, S., B.S. Taylor, S. Meng, F. Fang, E. Yilmaz, I. Vivanco, M. Janakiraman, N. Schultz, A.J. 

Hanrahan, W. Pao, M. Ladanyi, C. Sander, A. Heguy, E.C. Holland, P.B. Paty, P.S. Mischel, L. 

Liau, T.F. Cloughesy, I.K. Mellinghoff, D.B. Solit, and T.A. Chan. 2010. Somatic mutations of the 

Parkinson’s disease-associated gene PARK2 in glioblastoma and other human malignancies. Nat. 

Genet. doi:10.1038/ng.491. 

 

Vera-Ramirez, L., S.K. Vodnala, R. Nini, K.W. Hunter, and J.E. Green. 2018. Autophagy promotes 

the survival of dormant breast cancer cells and metastatic tumour recurrence. Nat. Commun. 

doi:10.1038/s41467-018-04070-6. 

 

Viale, A., P. Pettazzoni, C.A. Lyssiotis, H. Ying, N. Sánchez, M. Marchesini, A. Carugo, T. Green, 

S. Seth, V. Giuliani, M. Kost-Alimova, F. Muller, S. Colla, L. Nezi, G. Genovese, A.K. Deem, A. 

Kapoor, W. Yao, E. Brunetto, Y. Kang, M. Yuan, J.M. Asara, Y.A. Wang, T.P. Heffernan, A.C. 

Kimmelman, H. Wang, J.B. Fleming, L.C. Cantley, R.A. DePinho, and G.F. Draetta. 2014. 

Oncogene ablation-resistant pancreatic cancer cells depend on mitochondrial function. Nature. 

doi:10.1038/nature13611. 

 

Villa, E., E. Proïcs, C. Rubio-Patiño, S. Obba, B. Zunino, J.P. Bossowski, R.M. Rozier, J. Chiche, 

L. Mondragón, J.S. Riley, S. Marchetti, E. Verhoeyen, S.W.G. Tait, and J.E. Ricci. 2017. Parkin-

Independent Mitophagy Controls Chemotherapeutic Response in Cancer Cells. Cell Rep. 

doi:10.1016/j.celrep.2017.08.087. 

 

Voorde, J. Vande, T. Ackermann, N. Pfetzer, D. Sumpton, G. Mackay, G. Kalna, C. Nixon, K. 

Blyth, E. Gottlieb, and S. Tardito. 2019. Improving the metabolic fidelity of cancer models with a 

physiological cell culture medium. Sci. Adv. doi:10.1126/sciadv.aau7314. 

 

Wang, W., H. Kang, Y. Zhao, I. Min, B. Wyrwas, M. Moore, L. Teng, R. Zarnegar, X. Jiang, and 

T.J. Fahey. 2017. Targeting autophagy sensitizes BRAF-mutant thyroid cancer to vemurafenib. J. 

Clin. Endocrinol. Metab. doi:10.1210/jc.2016-1999. 

 

Wei, H., C. Wang, C.M. Croce, and J.L. Guan. 2014. p62/SQSTM1 synergizes with autophagy for 

tumor growth in vivo. Genes Dev. doi:10.1101/gad.237354.113. 

 

ACCEPTED M
ANUSCRIP

T



Long & McWilliams, 2019 

37 

Wheaton, W.W., S.E. Weinberg, R.B. Hamanaka, S. Soberanes, L.B. Sullivan, E. Anso, A. 

Glasauer, E. Dufour, G.M. Mutlu, G.S. Budigner, and N.S. Chandel. 2014. Metformin inhibits 

mitochondrial complex I of cancer cells to reduce tumorigenesis. Elife. doi:10.7554/elife.02242. 

 

White, E. 2015. The role for autophagy in cancer. J. Clin. Invest. doi:10.1172/JCI73941. 

 

White, E., J.M. Mehnert, and C.S. Chan. 2015. CCR Focus Autophagy, Metabolism, and Cancer. 

Clin Cancer Res. doi:10.1158/1078-0432.CCR-15-0490. 

 

Wyant, G.A., M. Abu-Remaileh, E.M. Frenkel, N.N. Laqtom, V. Dharamdasani, C.A. Lewis, S.H. 

Chan, I. Heinze, A. Ori, and D.M. Sabatini. 2018. Nufip1 is a ribosome receptor for starvation-

induced ribophagy. Science. doi:10.1126/science.aar2663. 

 

Xie, Z., and D.J. Klionsky. 2007. Autophagosome formation: Core machinery and adaptations. Nat. 

Cell Biol. doi:10.1038/ncb1007-1102. 

 

Yamada, T., D. Murata, Y. Adachi, K. Itoh, S. Kameoka, A. Igarashi, T. Kato, Y. Araki, R.L. 

Huganir, T.M. Dawson, T. Yanagawa, K. Okamoto, M. Iijima, and H. Sesaki. 2018. Mitochondrial 

Stasis Reveals p62-Mediated Ubiquitination in Parkin-Independent Mitophagy and Mitigates 

Nonalcoholic Fatty Liver Disease. Cell Metab. doi:10.1016/j.cmet.2018.06.014. 

 

Yang, A., N. V. Rajeshkumar, X. Wang, S. Yabuuchi, B.M. Alexander, G.C. Chu, D.D. Von Hoff, 

A. Maitra, and A.C. Kimmelman. 2014. Autophagy is critical for pancreatic tumor growth and 

progression in tumors with p53 alterations. Cancer Discov. doi:10.1158/2159-8290.CD-14-0362. 

 

Yue, Z., S. Jin, C. Yang, A.J. Levine, and N. Heintz. 2003. Beclin 1, an autophagy gene essential 

for early embryonic development, is a haploinsufficient tumor suppressor. Proc. Natl. Acad. Sci. 

doi:10.1073/pnas.2436255100. 

 

Zachari, M., and I.G. Ganley. 2017. The mammalian ULK1 complex and autophagy initiation. 

Essays Biochem. doi:10.1042/EBC20170021. 

 

ACCEPTED M
ANUSCRIP

T



Long & McWilliams, 2019 

38 

Zhang, C., M. Lin, R. Wu, X. Wang, B. Yang, A.J. Levine, W. Hu, and Z. Feng. 2011. Parkin, a 

p53 target gene, mediates the role of p53 in glucose metabolism and the Warburg effect. Proc. Natl. 

Acad. Sci. doi:10.1073/pnas.1113884108. 

 

Zhou, F., Z. Wu, M. Zhao, R. Murtazina, J. Cai, A. Zhang, R. Li, D. Sun, W. Li, L. Zhao, Q. Li, J. 

Zhu, X. Cong, Y. Zhou, Z. Xie, V. Gyurkovska, L. Li, X. Huang, Y. Xue, L. Chen, H. Xu, H. Xu, 

Y. Liang, and N. Segev. 2019. Rab5-dependent autophagosome closure by ESCRT. J. Cell Biol. 

doi:10.1083/jcb.201811173. 

 

 

 

 

 

  

ACCEPTED M
ANUSCRIP

T



Long & McWilliams, 2019 

39 

Figure Legend 

 

Figure 1: Generalised overview of mammalian macroautophagy 

Macroautophagy is a conserved process that degrades a variety of different types of cellular cargo 

in a non-selective fashion, ranging from protein aggregates to defective organelles and even 

intracellular pathogens. Autophagosome biogenesis involves crosstalk between various organelles. 

Many organellar compartments (ER, Golgi complex, endosomes, and mitochondria) have been 

shown to contribute to the phagophore, and the resultant autophagosome. Mature autophagosomes 

are often juxtaposed to multiple smaller vesicles as depicted here. Following the encapsulation of 

cargo, autophagosomes undergo fusion with acidic compartments of the cellular endolysosomal 

system. The fusion of autophagosomes with lysosomes generates the terminal compartment of the 

autophagy pathway: the autolysosome, required for the completion of autophagy. However, when 

macroautophagy and endocytosis converge, late endosomes can fuse with autophagosomes to 

generate an amphisome. Created with BioRender.  
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