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Abstract

:

Autophagy refers to the process involving the decomposition of intracellular components via lysosomes. Autophagy plays an important role in maintaining and regulating cell homeostasis by degrading intracellular components and providing degradation products to cells. In vivo, autophagy has been shown to be involved in the starvation response, intracellular quality control, early development, and cell differentiation. Recent studies have revealed that autophagy dysfunction is implicated in neurodegenerative diseases and tumorigenesis. In addition to the discovery of certain disease-causing autophagy-related mutations and elucidation of the pathogenesis of conditions resulting from the abnormal degradation of selective autophagy substrates, the activation of autophagy is essential for prolonging life and suppressing aging. This article provides a comprehensive review of the role of autophagy in health, physiological function, and autophagy-related disease.
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1. Introduction


Autophagy is a general term for the physiological process by which cells direct their components to the lysosome via autophagosomes for degradation. In the 1950s, with the development of electron microscopy, Christian de Duve reported the existence of various hydrolases, leading to the discovery of lysosomes as cellular organelles [1]. In 1963, de Duve termed autophagy as a phenomenon during which cells fuse protein-containing vesicles with lysosomes, leading to the decomposition of cellular protein. The vesicles were named autophagosomes.



Autophagy is broadly divided into macroautophagy, chaperone-mediated autophagy (CMA), and microautophagy. The term autophagy often refers to macroautophagy.



Macroautophagy breaks down cargo, allowing for the recycling of the resulting macromolecules. Cytoplasmic macroautophagy substrates are confined within a transient double-membrane organelle known as the autophagosome, which then fuses with lysosomes and vacuoles. The recycling of substrates through macroautophagy plays an important role in maintaining cellular homeostasis [2].



CMA is a selective form of autophagy, which exclusively targets proteins for lysosomal degradation. The major role of this pathway in cellular metabolism was predicted to be the supply of free amino acids generated following protein degradation. However, recent studies have shown that impaired CMA significantly alters glucose and lipid metabolism and, consequently, the energy metabolism of the whole organism, while also playing an important role in the regulation of cellular metabolism in response to various nutrients [3]. Microautophagy is a non-selective lysosomal degradation process in which autophagic tubing mediates both cytoplasmic lumen entry and vesicle cleavage by direct engulfment of cytoplasmic cargo. It has a role in maintaining homeostasis and cell survival [4]. Further, autophagy mechanisms complement each other to degrade intracellular substances and supply degradation products, allowing for the maintenance of homeostasis in vivo.



Disruption of autophagy causes inhibition of ubiquitination, accumulation of reactive oxygen species (ROS), reduced mitochondrial function, and increased genomic instability, resulting in an overall decrease in the quality of intracellular components [5,6]. Thus, disruption of autophagy disturbs cellular homeostasis and contributes to the development of various diseases.



Recent studies reported that autophagy is involved not only in disease but also in aging and life span extension [7]. The activation of autophagy has been shown to be essential for lifespan extension in several model organisms. Additionally, autophagy function has been demonstrated to decline with age [8,9,10]. The current work provides an overview of the process and different types of autophagy as well as its involvement in numerous diseases.




2. Autophagy: Overview of Autophagy and Its Molecular Mechanism


Autophagy is induced by various reactions in the organism, such as amino acid starvation, decreased insulin levels, decreased ATP levels, and hypoxia. When autophagy is induced, the unc-51-like autophagy activating kinase 1 (ULK1)/autophagy-related gene (Atg)1 complex consisting of autophagy-related factors is recruited, followed by the formation of a membrane vesicle called the phagophore, which matures into a spherical lipid bilayer vesicle named as the autophagosome. The autophagosome then fuses with a lysosome or a vacuole to decompose the cytoplasmic components it has taken up [11]. The transcription factor EB (TFEB) is a member of the microphthalmia family of basic helix-loop-helix leucine-zipper (bHLH-Zip) transcription factors (MiT family). TFEB is a major regulator of the autophagy lysosomal pathway. TFEB regulates starvation-induced autophagy transcriptional regulation by driving the expression of autophagy and lysosomal genes [12]. Under cellular conditions that inactivate the mammalian target of rapamycin complex 1 (mTORC1) kinase complex, such as starvation, TFEB phosphorylation is repressed and allows TFEB to move into the nucleus. TFEB in the nucleus binds to the coordinated lysosomal expression and regulation (CLEAR) element of genes, thus inducing the expression of genes involved in processes, such as autophagy and lysosomal exocytosis [13,14,15]. The mTORC1 kinase complex is a serine/threonine protein kinase of the class III phosphatidylinositol 3-kinase (PI3K) associated kinase family that plays an inhibitory role in autophagy [16]. Specifically, by phosphorylating ULK1 and Atg13, mTORC1 negatively regulates the activity of the ULK1 complex, which is composed of four factors, including ULK1, Atg13, focal adhesion kinase family interacting protein (FIP) 200, and Atg101 [17]. Additionally, mTORC1 regulates autophagy by directing the localization of TFEB to lysosomes [18]. On the lysosome surface, mTORC1 is activated by the GTP binding form of the brain-enriched low-molecular-weight G protein Ras homolog (Rheb) [19]. The subcellular localization of mTORC1 is regulated by the low-molecular-weight G protein Rag. Rag consists of RagA/B and RagC/D heterodimers and is associated with the activity of mTORC1 by altering its conformation by binding to GDP/GTP under conditions of amino acid starvation [20]. Inactivation of mTORC1 mobilizes a PI3K complex downstream of ULK1 to form the phagophore. The class III PI3K complex contains multiple complexes with different constituent factors, and the complex consisting of vacuolar protein sorting (VPS) 34, VPS15, Beclin-1, and Atg14 functions in the early stages of phagophore formation. VPS34 of the PI3K complex generates phosphatidylinositol-3-phosphate (PI3P) [21], a process accompanied by the formation of omegasomes. Furthermore, the WD repeat domain, phosphoinositide interacting protein (WIPI), is mobilized as a PI3P effector protein, and WIPI2 acts on Atg2. Atg2 functions to connect the endoplasmic reticulum (ER) membrane and phagophore, has lipid transporting ability, and is considered to play an important role in supplying lipids to autophagosomes [22]. Two types of ubiquitin-like binding reaction systems, namely the microtubule-associated protein light chain 3 (LC3) binding reaction system and Atg12-Atg5 binding reaction system, are involved in forming autophagosomes. In the LC3-binding system, LC3, a ubiquitin-like protein, is involved in the elongation and closure of the autophagosome membrane by binding to phosphatidylethanolamine (PE). In the Atg12-Atg5-binding system, the ubiquitin-like protein Atg12 covalently binds to Atg5 via Atg7 and Atg10. The Atg12-Atg5-binding system then interacts and binds to Atg16L1 [23,24]. This conjugate is mobilized to the phagophore to produce E3-like activity toward the LC3-PE complex. The lipidized LC3, via its E3-like activity, can selectively degrade specific substrates by interacting with multiple selective autophagy receptors [25,26].



Autophagosome formation is completed by extension and closure of the phagophore. The endosomal sorting complex required for transport (ESCRT) complex is involved in autophagosome closure. Two types of soluble N-ethyl maleimide-sensitive protein (NSF) attachment protein receptor (SNARE) complexes form a synaptosomal-associated protein (SNAP)29, lysosomal vesicle-associated membrane protein (VAMP)7/VAMP8, and SNARE conjugates, enabling fusion of autophagosomes and lysosomes [27,28]. The fusion of lysosomes and autophagosomes results in the formation of autolysosomes, which degrade the cargo (Figure 1).




3. Autophagy and Health: Selective and Non-Selective Autophagy and Physiological Functions


Although autophagy was originally thought to be a non-selective degradation mechanism, more recent studies have shown that autophagy functions selectively under certain conditions. Non-selective autophagy randomly degrades cytoplasmic components, whereas, during selective autophagy, selectivity is determined by cargo labeling and adaptor proteins in the autophagosome [29]. Adaptor proteins are a group of proteins that bind to cargo and include the LC3 or gamma-aminobutyric acid A receptor-associated protein (GABARAP) family of autophagosome-localized proteins; moreover, cargoes are labeled by ubiquitination or localization of adaptor proteins to cargoes [29]. Typical autophagy receptors that define the selectivity of autophagy include p62/Sqstm1 (p62). p62 functions as an adapter between selective autophagy and ubiquitin signaling [30]. The expression of p62 is induced by TFEB [12]. When damaged mitochondria and invasive microbes emerge, p62 is phosphorylated and traps the microbes. Further phosphorylation of Ser349 (human)/Ser351 (mouse) by mTORC1 increases the affinity between p62 and Keap1. Phosphorylated p62 bound to Keap1 is degraded in the autophagy pathway by interacting with LC3 through the LC3 interacting region (LIR) [31,32]. The names of selective autophagy subtypes and a list of substrates to be degraded are listed in Table 1.



3.1. Mitophagy


Mitophagy is a process involving the selective degradation of impaired mitochondria. Mitochondria play important functions in the cell, such as supplying energy through ATP production, phospholipid biosynthesis, and apoptosis induction [33,34]. Mitochondria produce ROS via electrons leaking from the electron transport chain, which react with oxygen in the surrounding environment [33]. Accumulation of dysfunctional mitochondria and production of ROS are associated with tumorigenesis [33,35]. Therefore, mitophagy contributes to the suppression of tumor formation by efficiently removing aberrant mitochondria. In fact, mitophagy deficiency resulting from the loss of Bcl-2 adenovirus E1B 19 kDa-interacting protein 3 (BNip3), a hypoxia-inducible protein that targets mitochondria, results in accelerated mammary tumor progression [36]. The phosphatase and tensin homolog (PTEN)-induced kinase (PINK)1/parkin complex phosphorylates ubiquitin, acts as a mitochondrial identification marker during mitophagy, and, in its defective forms, is known to be a causative factor of hereditary Parkinson’s disease (PD) [37]. It has been reported that Parkin-deficient mice have lost the ability to efficiently differentiate adipocytes [38]. This suggests that mitophagy also plays a role in cell differentiation.




3.2. Allophagy


Mitochondrial DNA (mtDNA) is known to be maternally inherited in various organisms. However, the exact mechanism of mtDNA inheritance remains unclear. A recent study of Caenorhabditis elegans has revealed that post-fertilization, paternal organelles are labeled with ubiquitin and degraded after phosphorylation of the autophagy receptors ALLO-1 and IKKE-1 in the process of selective autophagy [39]. This phenomenon is known as allophagy [40]. Selective autophagy for paternal mitochondria has been observed not only in C. elegans but also in Drosophila and mice [41,42]. Therefore, it is considered important to understand the mechanism of maternal inheritance.




3.3. ER-Phagy


The ER is divided into rough and smooth-surfaced ER based on the presence or absence of surface ribosomes. It plays a role in protein folding, transport, lipid synthesis, drug metabolism, and calcium ion accumulation [43]. Particularly, it has long been suggested that autophagy is involved in the degradation of deformed ERs due to drug metabolism [44,45]. Khaminets et al. also showed that the FAM134 reticulon protein family is an ER-phagy receptor that binds to LC3 and GABARAP [46]. ER-phagy receptor FAM134B-deficient mice exhibit dilatation of the ER and develop peripheral neuropathy as a clinical phenotype [46]. Further, mutations or changes in FAM134B expression have been observed in various malignant tumors [47]. These data suggest the involvement of ER-phagy in peripheral nerve homeostasis and the development of malignancies.




3.4. Lysophagy


Lysosomes possess a variety of hydrolytic enzymes that play an important role in intracellular digestion. When lysosomes damage is limited, the cell can repair lysosomes by means of ESCRT machinery [48]. When this repair fails, lysosomes are tagged with ubiquitin to initiate their clearance by selective macroautophagy in a process termed as lysophagy [49]. Lysophagy is necessary for lysosome quality control. Hyperuricemia, type 2 diabetes mellitus, amyloid-beta protein, tau protein, and Huntingtin protein cause lysosomal damage, and there are reports that a decrease in lysophagy is associated with lifestyle-related diseases and neurodegenerative diseases [49].




3.5. Nucleophagy


The nucleus is one of the most important cellular organelles and is responsible for harboring the cell’s genetic material as well as the site of transcription. Nucleophagy occurs in both a macro- and micronucleophagic manner [50,51]. Particularly, the selective degradation of nuclear lamina by autophagy has been suggested to limit tumor formation [52].




3.6. Pexophagy


Peroxisomes are organelles involved in various metabolic activities, such as purine catabolism, long-chain fatty acid beta-oxidation, bile acid synthesis, and phospholipid synthesis. These autonomously replicating organelles generate ROS as a byproduct of fatty acid β-oxidation. Cells maintain peroxisome homeostasis through pexophagy, which inhibits peroxisome biosynthesis disorders, oxidative damage, and diseases, such as cancer [53]. Pexophagy is a catabolic process for the selective degradation of peroxisomes by autophagy. Recent studies have shown that peroxisome membrane proteins, such as PEX3 and PEX5, are important regulators of pexophagy [53,54].




3.7. Lipophagy


Lipid droplets are structures in which phospholipids cover the lipid ester mass, which is mainly composed of triglycerides and cholesterol. The accumulation and utilization of lipids in the cell is important for the maintenance of energy in the body. Under starvation conditions, cellular lipids stored as triglycerides in lipid droplets are hydrolyzed to fatty acids. Lipophagy is the process by which lipid droplets are selectively degraded [55]. Increased triglycerides and lipid droplets in Atg7-deficient mouse hepatocytes suggest an important role for lipophagy as a lipolytic system in vivo [55]. Takahashi et al. found that fat accumulation in the liver of Atg7-deficient mice occurred not in Atg7-deficient hepatocytes but rather in hepatocytes expressing differentiated Atg7 from oval cells [56]. This is an important finding, clarifying the relationship between fat metabolism and autophagy.




3.8. Xenophagy


Bacteria and viruses invade the cytoplasm of various cell types to multiply. The autophagosome recognizes intracellular pathogens as a foreign entity, isolates them, and then transports them to the lysosome for degradation and removal in a process known as xenophagy [57]. Xenophagy is triggered by ubiquitination following membrane damage during bacterial infection [58]. However, some bacteria, such as Legionella pneumophilia, inhibit autophagy by suppressing phagophore formation [59].




3.9. Aggrephagy


Despite the normal formation of the isolation membrane or autophagosome, abnormalities may occur at the stage of incorporation of its substrate molecules into the autophagosome, and abnormal autophagosomes and aggregates may accumulate in cells [60]. Abnormal protein aggregates cause impaired nerve membrane permeability, irregular calcium homeostasis, inflammation, oxidative stress-induced neurotoxicity, and physiological abnormalities [61,62]. The mechanism via which aggregated proteins are selectively processed by autophagy is termed as aggrephagy [63].




3.10. Ribophagy


In vivo, the ribosome functions as a site for protein synthesis by translating information encoded in mRNA into polypeptides. Kraft et al. reported that there is a selective autophagy pathway in which ribosomes are preferentially degraded in nitrogen-starved budding yeast; they named this pathway ribophagy [64]. Under starvation conditions, ribophagy effectively suppresses new protein synthesis and recycles nutrients. Wyant et al. found that nuclear fragile X mental retardation-interacting protein 1 (NUFIP1) is a receptor for ribosomal selective autophagy [65].




3.11. Nuclear Pore Complex (NPC)-Phagy


The nuclear pore complex (NPC) is a large protein assembly embedded in the nuclear envelope. The NPC mediates transport between the nucleus and cytoplasm and plays an important role in gene expression. It has remained unclear whether the protein complexes within the organelle can undergo selective autophagy. In 2020, two research groups have demonstrated that NPC is degraded via receptor-dependent selective autophagy [66,67]. NPC-phagy contributes to the overall NPC quality and quantity control. However, the role of NPC-phagy in disease remains unclear.




3.12. RN/DN-Autophagy


RN/DN-autophagy (RDA) is an autophagy pathway in which nucleic acids are directly transported across the lysosomal membrane and degraded within the lysosome [68,69]. In these pathways, RNA and DNA are taken up and degraded directly into the lysosome, respectively. lysosome-associated membrane protein (LAMP) 2C, a lysosomal membrane protein, binds to RNA/DNA and functions as a receptor [68,69]. SID1 transmembrane family, member 2 (SIDT2), a transmembrane protein, is found to function as a nucleic acid transporter on the lysosomal membrane in RDA [70]. Tan et al. suggested that SIDT2 and RNautophagy contributed to the development of pulmonary and gastrointestinal adenomas in mice [71]; however, the detailed mechanisms of RDA remain unclear.





4. Autophagy and Various Diseases


4.1. Liver Diseases


The liver is an important organ for protein synthesis in the body. Autophagy is essential for the maintenance of hepatocyte homeostasis and is deeply involved in various hepatic diseases.



Non-alcoholic fatty liver disease (NAFLD) is caused by overnutrition and is often associated with metabolic diseases, such as diabetes mellitus and dyslipidemia. In NAFLD, decreased autophagy in hepatocytes causes hepatotoxicity and accumulation of lipid droplets, both of which contribute to hepatocyte death. mTORC1, which regulates the autophagy-starting complex, is activated by overfeeding and, consequently, suppresses autophagy [72]. Hyperinsulinemia caused by overnutrition also activates mTORC1 via the insulin receptor substrate 1 (IRS1)-PI3K-Akt/ protein kinase B (PKB) pathway [73], which negatively regulates autophagy. The presence of Rubicon protein, which inhibits autophagosome and lysosome fusion, is also thought to be involved in the pathogenesis of NAFLD. In hepatocyte-specific Rubicon protein knockout mice, autophagy suppression is abolished after feeding a high-fat diet, and hepatotoxicity, accumulation of fatty droplets, and fatty liver are improved [74]. In addition, the expression of Rubicon is increased in cultured hepatocytes after treatment with palmitic acid and in NAFLD [74]. These results suggest that the pathophysiology of NAFLD is related to the suppression of autophagy via delayed degradation of Rubicon.



Autophagy has also been observed in alcohol-induced liver injury. Experiments in acute alcoholic hepatitis model mice and cultured liver cells have revealed that ROS is generated during ethanol metabolism, whereas mTOR is inhibited. As a result, autophagy is enhanced and selectively targets mitochondria damaged by ethanol as well as lipid droplets, thus protecting the liver from ethanol-induced toxicity [75]. It has been reported that autophagy is impaired at the lysosome in a long-term alcoholic liver injury mouse model [76].




4.2. Diabetes


Diabetes mellitus is a metabolic disease characterized by defective insulin secretion and action, which results in hyperglycemia and leads to systemic disorders. Diabetes mellitus is classified into type 2 diabetes mellitus, which develops because of inadequate insulin secretion and resistance, and type 1 diabetes mellitus, which occurs as a result of insulin depletion caused by the destruction of pancreatic β-cells by the body’s own immune system. In pancreatic cell-specific Atg7 knockout mice, the number of β-cells has decreased because of increased β-cell apoptosis and decreased β-cell proliferative capacity. This has resulted in decreased serum insulin levels and, consequently, impaired glucose tolerance [77]. Further, ubiquitinated protein aggregates localized to p62 proteins with both ubiquitin-binding and LC3-binding domains are accompanied by morphological changes in the mitochondria, ER, and vacuoles [77]. When a high-fat diet has been fed to control mice and pancreatic cell-specific Atg7 knockout mice, the autophagy of pancreatic β-cells has stimulated, and their number has increased in controls, whereas autophagy-deficient mice have exhibited no increase in the number of β-cells [78]. These results suggest that disruption of autophagy in pancreatic β-cells causes abnormalities in the turnover and function of cellular organelles, resulting in insulin deficiency and hyperglycemia [77,78]. In addition, ER function is important for the stimulation and insulin secretion of β-cells. Further, β-cells are constantly exposed to ER stress. ER stress is considered to contribute to the development of human islet amyloid polypeptide (hIAPP), a peptide involved in blood glucose regulation [79], which forms amyloid aggregates associated with β-cell death and the development of type 2 diabetes [79]. Blocking autophagy in pancreatic β-cells has increased the toxicity of hIAPP [79], and mice expressing hIAPP in autophagy-deficient β-cells have developed diabetes, whereas hIAPP or autophagy deficiency alone has not induced diabetes [80]. These results suggest that autophagy plays an important role in eliminating hIAPP toxicity in the pancreas and, thus, in preventing the development of diabetes.




4.3. Kidney Diseases


The kidneys excrete unwanted products from the body by filtering blood in the glomerulus while reabsorbing minerals, microproteins, and water in the tubules. Proximal tubule-specific autophagy-deficient mice have accumulated deformed mitochondria and cytoplasmic inclusions, resulting in cellular hypertrophy and degeneration, which have not been observed in wild-type controls [81]. Autophagy-deficient mice have exhibited increased apoptosis of proximal tubular cells as well as an accumulation of p62 and ubiquitin-positive cytoplasmic inclusions, resulting in significantly elevated serum levels of urea nitrogen and creatinine [81].



Acute renal injury is a disorder of internal homeostasis and waste excretion due to tubular dysfunction caused by infection, drug exposure, or ischemia; the proximal tubular tissue is particularly susceptible to the aforementioned stimuli [81,82,83,84]. Enhanced autophagy in proximal tubular cells has been observed in mice with nephrotoxicity induced by cisplatin, an anticancer drug [85]. Administration of chloroquine, which suppresses autophagy, to a mouse model of cisplatin-induced renal injury has resulted in an increase in the extent of damage to most tubules, severe injury, and massive tubular lysis [85]. In a mouse model of cisplatin-induced kidney injury, PINK1/parkin gene expression, which is related to mitophagy, has increased in renal tissues, and the mTOR inhibitor rapamycin has mitigated the onset of cisplatin nephrotoxicity by stimulating autophagy and mitophagy [86]. PINK1/parkin knockout mice do not show mitophagy in the kidneys, and cisplatin treatment has caused more severe renal dysfunction and tissue damage [86]. These findings suggest that the activation of autophagy and mitophagy in the proximal tubules plays a cytoprotective role in acute kidney injury.



Chronic kidney disease (CKD) is a long-term impairment of renal function caused by diabetes mellitus, hypertension, and chronic nephritis, among other causes. The glomerular wall for blood filtration consists of three layers as follows: glomerular endothelial cells, glomerular basement membrane, and podocytes. Autophagy in podocytes is particularly important for maintaining renal function [87], and impaired podocyte autophagy may be associated with diabetic nephropathy and age-related deterioration of renal function [87,88]. Podocyte autophagy suppression in mice through podocyte-specific deletion of Atg5 has caused glomerulopathy with the accumulation of oxidized and ubiquitinated proteins, ER stress, and proteinuria, resulting in podocyte loss and delayed glomerulosclerosis [87].



Autophagy activity is required for the maintenance of podocyte function. However, as observed in in vivo diabetes models and high glucose conditions in vitro, podocyte autophagy is suppressed, leading to podocyte dysfunction [88].



Autophagy in podocyte cells is involved in age-related CKD pathophysiology. Podocyte-specific Atg5-deficient mice exhibit worsening of proteinuria with age [87]. Further, proximal tubule-specific Atg5-deficient mice show age-related renal dysfunction [81]. These findings indicate that autophagy functions in a protective manner against renal senescence.




4.4. Heart Diseases


Autophagy plays an important role in the quality control of cellular organelles to maintain cardiac function [89]. Particularly, mitochondria in the myocardium produce ATP, which is necessary for cardiac pulsation, and mitochondrial impairment leads to cardiac dysfunction [90].



Cardiac-specific Atg5-deficient mice have exhibited accumulation of ubiquitinated proteins as well as increased ER stress, and pathological analysis has revealed a disorganized sarcomere structure, mitochondrial misalignment and aggregation, and apoptotic cardiomyocyte death in Atg5-deficient hearts [89]. The size and contractility of the left ventricle in cardiac-specific Atg5-deficient mice are comparable to those of wild-type mice at 3 months of age. However, knockout mice have experienced heart failure at 6 months of age. The knockout mice have also exhibited a significant increase in left ventricle size and a decrease in left ventricle fractional shortening at 10 months age compared with wild-type mice [91]. In a pressure-loaded mouse model of aortic stenosis and heart failure, autophagy and mitophagy are activated. However, their activation is transient, and, over time, autophagy and mitophagy become inactive with the reduction of mitochondrial and cardiac function [69]. Tat-Beclin-1, an autophagy-inducing peptide, has been reported to reduce mitochondrial dysfunction and the progression of heart failure by increasing autophagy and mitophagy [92]. In patients with dilated cardiomyopathy, autophagy in cardiomyocytes is positively correlated with the prognosis of heart failure [93]. In vitro and in vivo, the pro-apoptotic kinase Mst1 inhibits autophagy. In contrast, inhibition of Mst1 enhances autophagy and prevents the progression to heart failure following myocardial infarction [94].



These findings suggest that autophagy and mitophagy contribute to the maintenance of cardiac function and its improvement after the onset of heart disease.




4.5. Inflammatory Bowel Disease


Inflammatory bowel disease (IBD) is an intractable chronic disease caused by a complex mixture of genetic predisposition, alterations in the intestinal microbiota due to dietary changes, and an abnormal increase in intestinal inflammation, among other factors.



A genome-wide association analysis conducted in 2007 identified Atg16L1 as a Crohn’s disease (CD) susceptibility gene [95], and the relationship between IBD and genes associated with autophagy, such as nucleotide-binding oligomerization domain-containing protein (NOD)2, immunity-related GTPase family M protein (IRGM), leucine-rich repeat kinase (LRRK)2, and ULK1, has also been examined [96,97,98,99,100]. It is well-established that autophagy is crucial for the maintenance of intestinal epithelial cell function, regulation of intestinal physiology, the intestinal immune response, and maintenance of the intestinal microbiota.



Paneth cells produce several antimicrobial peptides, such as α-defensins, to prevent bacterial invasion. Goblet cells produce mucus to prevent the invasion of foreign entities [101,102]. Intestinal mucosal permeability is increased in IBD. Nighot et al. reported that autophagy modulates intracellular permeability and the strength of the tight junction barrier [103]. NOD2, located on chromosome 16q12.1, encodes a pattern recognition receptor associated with intestinal immunity. Normally, it recruits autophagy protein Atg16L1 to the plasma membrane. However, mutant NOD2 fails to recruit Atg16L1 to the plasma membrane, impairing the defensive function of the autophagosome.



Therefore, NOD2 mutants exhibit autophagy defects, and this process is thought to be related to CD [104,105]. It has been reported that mutant Atg16L1 is destabilized by caspase 3 under stress conditions, such as starvation, resulting in reduced autophagy activity, reduced antibacterial activity, and increased proinflammatory cytokine production [106]. Atg5- and Atg7-deficient mice have exhibited Paneth cell morphological abnormalities [107]. IRGM belongs to the interferon-inducible GTPases family, has a strong bactericidal effect against intracellular pathogens, and regulates the inflammasome, thus increasing IL-1β production [108,109]. LRRK2, originally identified as a causative gene for familial Parkinson’s disease, has also been identified as a susceptibility gene for CD [110,111]. LRRK2 knockout mice have an altered gut microbiota, leading to an impaired defense against infection and an increased risk of infection. ULK1 causes a lack of lysozyme in Paneth cells [112].




4.6. Neurodegenerative Diseases


Numerous neurodegenerative diseases are caused by autophagy deficiency in neurons associated with the mutation or deletion of autophagy-related genes. Autophagy-related neurodegenerative diseases are abundant and diverse (Table 2). In this review, we have focused on PD and static encephalopathy of childhood with neurodegeneration in adulthood (SENDA)/β-propeller protein-associated neurodegeneration (BPAN) as an inherited disease. PD is a symptom-based disease caused by degenerated dopaminergic neurons in the mesencephalic nerve system. Parkin, a ubiquitin ligase encoded by PARK2, and PINK1, encoded by PARK6, work together on the outer mitochondrial membrane to induce mitophagy [113,114,115,116,117]. In fact, mutated Parkin and PINK1 compromise mitophagy, resulting in stagnation of mitochondrial metabolism and accumulation of ROS [118]. Therefore, this pathway is considered to be closely related to the development of PD.



SENDA/BPAN is characterized by mental developmental delay, epileptic seizures, and decreased motor function from childhood; in adulthood, peronism and dementia develop. Autophagy-related Wdr45 has been identified as a causative gene [126,127]. Neurospecific Wdr45 knockout mice have shown decreased brain function, reduced autophagic activity in the brain, and decreased protein resolution [128]. Wan et al. showed that induction of autophagy or reduction of ER stress in Wdr45 knockout mice resulted in the avoidance of cellular apoptosis [119]. This phenomenon suggests that activation of autophagy is a promising help for treating this disease.




4.7. Cancer


Disruption of autophagic cell quality control can lead to tumor development. Tumor growth is also related to cell nutrient supply through the activation of autophagy. Hence, both inhibition and activation of autophagy contribute to tumor development and growth via different pathways.



Atg5 mosaic-deficient mice and liver-specific Atg7-deficient mice form benign tumors in the liver [129,130]. The selective autophagy protein p62 binds to ubiquitinated proteins, after which it is subjected to autophagy and degraded [131]. In autophagy-deficient mice, p62 markedly accumulates and binds to Keap1, an adaptor protein of Cullin3-type ubiquitin ligase, to inhibit the binding of Keap1 to transcription factor NF-E2-related factor (Nrf) 2 [32]. As a result, degradation of Nrf2 is inhibited, and tumor growth is promoted [32]. In addition, liver tumors caused by autophagy suppression are greatly reduced following the simultaneous loss of p62 and Nrf2 [132,133]. Further, local amplification of p62 on chromosome 5q occurs in renal cancer [134]. p62 regulates not only Nrf2 but also mTOR and nuclear factor-kappa B (NFκB), all of which play important roles in the signaling pathways of cancer development [135]. Thus, p62 may play a role in the mechanism of cancer control by autophagy.



Autophagy contributes to the growth of advanced lung cancer, pancreatic ductal adenocarcinoma (PDAC), melanoma, and breast cancer in various mouse models with autophagy gene deletions or RAS/BRAF mutations [136,137,138,139,140,141,142]. Autophagic activity is particularly strong in PDAC, and inhibition of autophagy inhibits tumor growth [138]. Microphthalmia/transcription factor E (MiT-TFE) family transcription factors are a series of inducers of autophagy/lysosome pathway-related gene expression [143]. The interaction between importin8 and importin7, which is responsible for the nuclear transfer of MiT-TFE family members in PDAC, is enhanced, and the MiT-TFE family is permanently transferred into the nucleus [144]. Normally, autophagy requires dephosphorylation of ULK1 by inactivation of mTORC1, and protein phosphatase 2A (PP2A) has been identified as a phosphatase of ULK1 [145]. Further, PP2A enzyme activity is upregulated, and autophagy activity is enhanced in PDAC cell lines [145]. Acute suppression of KRAS and inhibition of extracellular signal-regulated kinase (ERK) has resulted in greater autophagy fluxes when KRAS is acutely suppressed in a panel of human and mouse PDAC cell lines using siRNA and small molecule inhibitors of the KRAS effector, ERK mitogen-activated protein kinase (MAPK). This result shows that both autophagy and ERK MAPK are largely responsible for the PDAC activity [146].



Autophagy is also intimately involved in the development and progression of non-small cell lung cancer (NSCLC). Deletion of Atg7 in a mouse model of NSCLC has resulted in the accumulation of abnormal mitochondria and inhibition of tumor cell growth [147,148]. This result indicates the importance of normal mitochondrial function for NSCLC proliferation and activation. In addition, the expression of LAMP2A, a major receptor protein for CMA, has been upregulated in NSCLC cell lines and patient tumors, resulting in decreased survival and platinum resistance in a patient with NSCLC [149]. LAMP2A knockdown has suppressed tumorigenicity and sensitized tumors to cisplatin treatment in mice with NSCLC. These results demonstrate that chemotherapy for NSCLC, targeting CMA, may be effective [149].



In colorectal cancer (CRC)-derived cell lines, p53 has stabilized autophagic activity by promoting LC3 degradation [150]. In addition, the autophagosome marker LC3-II protein has been found to be overexpressed in advanced CRC compared to in normal surrounding tissues [151]. LC3 expression levels may reveal the involvement of autophagy in cancer. Cho et al. found that the expression level of Atg5 in CRC was downregulated. However, immunohistochemical analysis of Atg5 expression in patients with CRC showed a correlation between lymph node infiltration and Atg5 expression [152]. Moreover, Ahn et al. showed that 95% of CRCs expressed Beclin-1 higher than in normal tissue, suggesting the contribution of Beclin-1 expression to both CRC and gastric cancer. However, there was no significant association of Beclin-1 expression with pathologic characteristics, including invasion, metastasis, and stage of CRC [153]. These observations indicate that Beclin-1 plays a role in CRC initiation but not in cancer progression. The high Beclin-1 expression has been correlated with overall survival and disease-free survival and served as a good independent prognostic marker in CRC [154], whereas high Beclin-1 expression has also been associated with poorer survival of patients with CRC treated with adjuvant 5-fluorouracil [155]. This study suggests that increased autophagy plays a role in the initiation of CRC as well as having a role in resistance to chemotherapy for CRC. Thus, the role of autophagy in CRC is still uncertain, and further research is required to elucidate how autophagy works to the initiation and development of CRC.



Autophagy is also associated with breast cancer. Liang et al. noted that Beclin-1 protein expression is often low in human breast epithelial carcinoma cell lines and tissues, but it is expressed at high levels and ubiquitously in normal breast epithelium. Thus, the reduced expression of autophagy proteins contributes to the initiation and progression of breast and other human malignancies [156]. In addition, Wei et al. found that the FIP200 deletion, which led to the inability to form autophagosome, suppressed mammary tumor initiation and progression in a mouse model of breast cancer [142]. In addition, inhibition of autophagy in dormant breast cancer cells has significantly reduced cell survival and metastatic burden in vivo [157], and inhibition of autophagy flux in dormant breast cancer cells has led to the accumulation of damaged mitochondria and ROS, resulting in cell apoptosis [157]. These studies suggest that autophagy is essential to the initiation and progression of breast cancer.





5. Conclusions


The discovery of autophagy mechanisms, autophagy-related genes, and selective autophagy has not only played a major role in elucidating physiological processes but has also helped to reveal the pathophysiology of various diseases that had remained unclear. In addition to the suppression of autophagy, the enhancement of autophagy may also be detrimental to the maintenance of autophagic functions (Figure 2). Currently, various clinical trials are underway to provide better treatments for chronic diseases and cancer by modulating autophagy. We have summarized a selection of them in the following list (Table 3).



Further studies should be performed to identify substrate recognition adaptors of macroautophagy to determine more selective approaches for intervening in autophagy. From a more fundamental perspective, three-dimensional microscopy should be conducted to analyze autophagosomes, which will improve the understanding of the autophagic process. Although many autophagy genes have been identified in various studies, how they induce and execute autophagy is unclear. Advancement in the analysis of autophagy substrates and adapters will lead to the discovery of disease-specific autophagy-related drugs.







Author Contributions


Conceptualization, T.I. (Tadashi Ichimiya); investigation, T.I. (Tadashi Ichimiya) and H.N.; writing-original draft preparation, T.I. (Tadashi Ichimiya); visualization, T.I. (Tadashi Ichimiya); writing-review and editing, T.Y., T.H., Y.Y., Y.H., D.H., K.W., T.I. (Takao Itoi) and H.N.; supervision, H.N.; All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Acknowledgments


I would like to thank the current members of the Nakase lab for helpful discussions and advice.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



De Duve, C.; Pressman, B.C.; Gianetto, R.; Wattiaux, R.; Appelmans, F. Tissue fractionation studies. 6. Intracellular distribution patterns of enzymes in rat-liver tissue. Biochem. J. 1955, 60, 604–617. [Google Scholar] [CrossRef] [PubMed]

	



Mizushima, N.; Ohsumi, Y.; Yoshimori, T. Autophagosome formation in mammalian cells. Cell Struct. Funct. 2002, 27, 421–429. [Google Scholar] [CrossRef] [PubMed]

	



Tasset, I.; Cuervo, A.M. Role of chaperone-mediated autophagy in metabolism. FEBS J. 2016, 283, 2403–2413. [Google Scholar] [CrossRef] [PubMed]

	



Li, W.W.; Li, J.; Bao, J.K. Microautophagy: Lesser-Known Self-Eating. Cell. Mol. Life Sci. 2012, 69, 1125–1136. [Google Scholar] [CrossRef] [PubMed]

	



Li, L.; Tan, J.; Miao, Y.; Lei, P.; Zhang, Q. ROS and Autophagy: Interactions and Molecular Regulatory Mechanisms. Cell. Mol. Neurobiol. 2015, 35, 615–621. [Google Scholar] [CrossRef]

	



Liu, E.Y.; Xu, N.; O’Prey, J.; Lao, L.Y.; Joshi, S.; Long, J.S.; O’Prey, M.; Croft, D.R.; Beaumatin, F.; Baudot, A.D. Loss of Autophagy Causes a Synthetic Lethal Deficiency in DNA Repair. Proc. Natl. Acad. Sci. USA 2015, 112, 773–778. [Google Scholar] [CrossRef]

	



Meléndez, A.; Tallóczy, Z.; Seaman, M.; Eskelinen, E.L.; Hall, D.H.; Levine, B. Autophagy genes are essential for dauer development and life-span extension in C. elegans. Science 2003, 301, 1387–1391. [Google Scholar] [CrossRef]

	



Uddin, M.N.; Nishio, N.; Ito, S.; Suzuki, H.; Isobe, K. Autophagic activity in thymus and liver during aging. Age (Dordr) 2012, 34, 75–85. [Google Scholar] [CrossRef]

	



Simonsen, A.; Cumming, R.C.; Brech, A.; Isakson, P.; Schubert, D.R.; Finley, K.D. Promoting basal levels of autophagy in the nervous system enhances longevity and oxidant resistance in adult Drosophila. Autophagy 2008, 4, 176–184. [Google Scholar] [CrossRef]

	



Fernández, Á.F.; Sebti, S.; Wei, Y.; Zou, Z.; Shi, M.; McMillan, K.L.; He, C.; Ting, T.; Liu, Y.; Chiang, W.C. Disruption of the beclin 1-BCL2 autophagy regulatory complex promotes longevity in mice. Nature 2018, 558, 136–140. [Google Scholar] [CrossRef]

	



Mizushima, N.; Komatsu, M. Autophagy: Renovation of cells and tissues. Cell. 2011, 147, 728–741. [Google Scholar] [CrossRef] [PubMed]

	



Settembre, C.; Di Malta, C.; Polito, V.A.; Garcia, A.M.; Vetrini, F.; Erdin, S.; Erdin, S.U.; Huynh, T.; Medina, D.; Colella, P. TFEB links autophagy to lysosomal biogenesis. Science 2011, 332, 1429–1433. [Google Scholar] [CrossRef] [PubMed]

	



Palmieri, M.; Impey, S.; Kang, H.; Di Ronza, A.; Pelz, C.; Sardiello, M.; Ballabio, A. Characterization of the CLEAR network reveals an integrated control of cellular clearance pathways. Hum. Mol. Genet. 2011, 20, 3852–3866. [Google Scholar] [CrossRef] [PubMed]

	



Settembre, C.; Zoncu, R.; Medina, D.L.; Vetrini, F.; Erdin, S.; Erdin, S.; Huynh, T.; Ferron, M.; Karsenty, G.; Vellard, M.C.; et al. A lysosome-to-nucleus signalling mechanism senses and regulates the lysosome via mTOR and TFEB. EMBO J. 2012, 31, 1095–1108. [Google Scholar] [CrossRef]

	



Napolitano, G.; Esposito, A.; Choi, H.; Matarese, M.; Benedetti, V.; Di Malta, C.; Monfregola, J.; Medina, D.L.; Lippincott-Schwartz, J.; Ballabio, A.; et al. mTOR-dependent phosphorylation controls TFEB nuclear export. Nat. Commun. 2018, 9, 3312. [Google Scholar] [CrossRef]

	



Saxton, R.A.; Sabatini, D.M. mTOR Signaling in Growth, Metabolism, and Disease. Cell 2017, 168, 960–976. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.; Kundu, M.; Viollet, B.; Guan, K.L. AMPK and mTOR regulate autophagy through direct phosphorylation of Ulk1. Nat. Cell Biol. 2011, 13, 132–141. [Google Scholar] [CrossRef]

	



Roczniak, F.A.; Petit, C.S.; Froehlich, F.; Qian, S.; Ky, J.; Angarola, B.; Walther, T.C.; Ferguson, S.M. The transcription factor TFEB links mTORC1 signaling to transcriptional control of lysosome homeostasis. Sci. Signal. 2012, 5. [Google Scholar] [CrossRef]

	



Yang, H.; Jiang, X.; Li, B.; Yang, H.J.; Miller, M.; Yang, A.; Dhar, A.; Pavletich, N.P. Mechanisms of mTORC1 activation by RHEB and inhibition by PRAS40. Nature 2017, 552, 368–373. [Google Scholar] [CrossRef]

	



Takahara, T.; Amemiya, Y.; Sugiyama, R.; Maki, M.; Shibata, H. Amino acid-dependent control of mTORC1 signaling: A variety of regulatory modes. J. Biomed. Sci. 2020, 27, 87. [Google Scholar] [CrossRef]

	



Boukhalfa, A.; Nascimbeni, A.C.; Ramel, D.; Dupont, N.; Hirsch, E.; Gayral, S.; Laffargue, M.; Codogno, P.; Morel, E. PI3KC2α-dependent and VPS34-independent generation of PI3P controls primary cilium-mediated autophagy in response to shear stress. Nat. Commun. 2020, 11, 294. [Google Scholar] [CrossRef] [PubMed]

	



Osawa, T.; Noda, N.N. Atg2: A novel phospholipid transfer protein that mediates de novo autophagosome biogenesis. Protein Sci. 2019, 28, 1005–1012. [Google Scholar] [CrossRef] [PubMed]

	



Lystad, A.H.; Carlsson, S.R.; Simonsen, A. Toward the function of mammalian ATG12-ATG5-ATG16L1 complex in autophagy and related processes. Autophagy 2019, 15, 1485–1486. [Google Scholar] [CrossRef] [PubMed]

	



Cadwell, K.; Liu, J.Y.; Brown, S.L.; Miyoshi, H.; Loh, J.; Lennerz, J.K.; Kishi, C.; Kc, W.; Carrero, J.A.; Hunt, S.; et al. A key role for autophagy and the autophagy gene Atg16l1 in mouse and human intestinal Paneth cells. Nature 2008, 456, 259–263. [Google Scholar] [CrossRef] [PubMed]

	



Brier, L.W.; Ge, L.; Stjepanovic, G.; Thelen, A.M.; Hurley, J.H.; Schekman, R. Regulation of LC3 lipidation by the autophagy-specific class III phosphatidylinositol-3 kinase complex. Mol. Biol. Cell. 2019, 30, 1098–1107. [Google Scholar] [CrossRef]

	



Galluzzi, L.; Green, D.R. Autophagy-Independent Functions of the Autophagy Machinery. Cell 2019, 177, 1682–1699. [Google Scholar] [CrossRef]

	



Takáts, S.; Nagy, P.; Varga, Á.; Pircs, K.; Kárpáti, M.; Varga, K.; Kovács, A.L.; Hegedűs, K.; Juhász, G. Autophagosomal Syntaxin17-dependent lysosomal degradation maintains neuronal function in Drosophila. J. Cell. Biol. 2013, 201, 531–539. [Google Scholar] [CrossRef]

	



Matsui, T.; Jiang, P.; Nakano, S.; Sakamaki, Y.; Yamamoto, H.; Mizushima, N. Autophagosomal YKT6 is required for fusion with lysosomes independently of syntaxin 17. J. Cell. Biol. 2018, 217, 2633–2645. [Google Scholar] [CrossRef]

	



Zaffagnini, G.; Martens, S. Mechanisms of Selective Autophagy. J. Mol. Biol. 2016, 428, 1714–1724. [Google Scholar] [CrossRef]

	



Vladimir, R.; Volker, D.; Terje, J.; Vladimir, K. Interactions between autophagy receptors and ubiquitin-like proteins form the molecular basis for selective autophagy. Mol. Cell. 2014, 53, 167–178. [Google Scholar] [CrossRef]

	



Moscat, J.; Diaz-Meco, M.T. Feedback on fat: p62-mTORC1-autophagy connections. Cell 2011, 147, 724–727. [Google Scholar] [CrossRef] [PubMed]

	



Ichimura, Y.; Waguri, S.; Sou, Y.S.; Kageyama, S.; Hasegawa, J.; Ishimura, R.; Saito, T.; Yang, Y.; Kouno, T.; Fukutomi, T.; et al. Phosphorylation of p62 activates the Keap1-Nrf2 pathway during selective autophagy. Mol. Cell. 2013, 51, 618–631. [Google Scholar] [CrossRef] [PubMed]

	



Nunnari, J.; Suomalainen, A. Mitochondria: In sickness and in health. Cell 2012, 148, 1145–1159. [Google Scholar] [CrossRef] [PubMed]

	



Spinelli, J.B.; Haigis, M.C. The multifaceted contributions of mitochondria to cellular metabolism. Nat. Cell Biol. 2018, 20, 745–754. [Google Scholar] [CrossRef] [PubMed]

	



Choudhury, A.R.; Singh, K.K. Mitochondrial Determinants of Cancer Health Disparities. Semin Cancer Biol. 2017, 47, 125–146. [Google Scholar] [CrossRef]

	



Chourasia, A.H.; Tracy, K.; Frankenberger, C.; Boland, M.L.; Sharifi, M.N.; Drake, L.E.; Sachleben, J.R.; Asara, J.M.; Locasale, J.W.; Karczmar, G.S. Mitophagy defects arising from BNip3 loss promote mammary tumor progression to metastasis. EMBO Rep. 2015, 16, 1145–1163. [Google Scholar] [CrossRef]

	



Scorziello, A.; Borzacchiello, D.; Sisalli, M.J.; Di Martino, R.; Morelli, M.; Feliciello, A. Mitochondrial Homeostasis and Signaling in Parkinson’s Disease. Front. Aging Neurosci. 2020, 12, 100. [Google Scholar] [CrossRef]

	



Lu, X.; Altshuler-Keylin, S.; Wang, Q.; Chen, Y.; Henrique, S.C.; Ikeda, K.; Maretich, P.; Yoneshiro, T.; Kajimura, S. Mitophagy controls beige adipocyte maintenance through a Parkin-dependent and UCP1-independent mechanism. Sci. Signal. 2018, 11, eaap8526. [Google Scholar] [CrossRef]

	



Sato, M.; Sato, K.; Tomura, K.; Kosako, H.; Sato, K. The autophagy receptor ALLO-1 and the IKKE-1 kinase control clearance of paternal mitochondria in Caenorhabditis elegans. Nat. Cell Biol. 2018, 20, 81–91. [Google Scholar] [CrossRef]

	



Sato, M.; Sato, K. Maternal inheritance of mitochondrial DNA: Degradation of paternal mitochondria by allogeneic organelle autophagy, allophagy. Autophagy 2012, 8, 424–425. [Google Scholar] [CrossRef]

	



Politi, Y.; Gal, L.; Kalifa, Y.; Ravid, L.; Elazar, Z.; Arama, E. Paternal mitochondrial destruction after fertilization is mediated by a common endocytic and autophagic pathway in Drosophila. Dev. Cell. 2014, 29, 305–320. [Google Scholar] [CrossRef] [PubMed]

	



Rojansky, R.; Cha, M.Y.; Chan, D.C. Elimination of paternal mitochondria in mouse embryos occurs through autophagic degradation dependent on PARKIN and MUL1. Elife 2016, 5, e17896. [Google Scholar] [CrossRef] [PubMed]

	



Schwarz, D.S.; Blower, M.D. The endoplasmic reticulum: Structure, function and response to cellular signaling. Cell. Mol. Life Sci. 2016, 73, 79–94. [Google Scholar] [CrossRef] [PubMed]

	



Bolender, R.P.; Weibel, E.R. A morphometric study of the removal of phenobarbital-induced membranes from hepatocytes after cessation of threatment. J. Cell Biol. 1973, 56, 746–761. [Google Scholar] [CrossRef] [PubMed]

	



Feldman, D.; Swarm, R.L.; Becker, J. Elimination of excess smooth endoplasmic reticulum after phenobarbital administration. J. Histochem. Cytochem. 1980, 28, 997–1006. [Google Scholar] [CrossRef]

	



Khaminets, A.; Heinrich, T.; Mari, M.; Grumati, P.; Huebner, A.K.; Akutsu, M.; Liebmann, L.; Stolz, A.; Nietzsche, S.; Koch, N.; et al. Regulation of endoplasmic reticulum turnover by selective autophagy. Nature 2015, 522, 354–358. [Google Scholar] [CrossRef]

	



Peng, Y.; Shapiro, S.L.; Banduseela, V.C.; Dieterich, I.A.; Hewitt, K.J.; Bresnick, E.H.; Kong, G.; Zhang, J.; Schueler, K.L.; Keller, M.P.; et al. Increased transport of acetyl-CoA into the endoplasmic reticulum causes a progeria-like phenotype. Aging Cell. 2018, 17, e12820. [Google Scholar] [CrossRef]

	



Radulovic, M.; Schink, K.O.; Wenzel, E.M.; Nähse, V.; Bongiovanni, A.; Lafont, F.; Stenmark, H. ESCRT-mediated lysosome repair precedes lysophagy and promotes cell survival. EMBO J. 2018, 37, e99753. [Google Scholar] [CrossRef]

	



Maejima, I.; Takahashi, A.; Omori, H.; Kimura, T.; Takabatake, Y.; Saitoh, T.; Yamamoto, A.; Hamasaki, M.; Noda, T.; Isaka, Y.; et al. Autophagy sequesters damaged lysosomes to control lysosomal biogenesis and kidney injury. EMBO J. 2013, 32, 2336–2347. [Google Scholar] [CrossRef]

	



Roberts, P.; Moshitch-Moshkovitz, S.; Kvam, E.; O’Toole, E.; Winey, M.; Goldfarb, D.S. Piecemeal Microautophagy of Nucleus in Saccharomyces cerevisiae. Mol. Biol. Cell 2003, 14, 129–141. [Google Scholar] [CrossRef]

	



Mochida, K.; Oikawa, Y.; Kimura, Y.; Kirisako, H.; Hirano, H.; Ohsumi, Y.; Nakatogawa, H. Receptor-mediated selective autophagy degrades the endoplasmic reticulum and the nucleus. Nat. Cell Biol. 2015, 522, 359–362. [Google Scholar] [CrossRef] [PubMed]

	



Dou, Z.; Xu, C.; Donahue, G.; Shimi, T.; Pan, J.A.; Zhu, J.; Ivanov, A.; Capell, B.C.; Drake, A.M.; Shah, P.P.; et al. Autophagy mediates degradation of nuclear lamina. Nature 2015, 527, 105–109. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Tripathi, D.N.; Jing, J.; Alexander, A.; Kim, J.; Powell, R.T.; Dere, R.; Tait-Mulder, J.; Lee, J.H.; Paull, T.T. ATM functions at the peroxisome to induce pexophagy in response to ROS. Nat. Cell Biol. 2015, 17, 1259–1269. [Google Scholar] [CrossRef] [PubMed]

	



Yamashita, S.; Abe, K.; Tatemichi, Y.; Fujiki, Y. The membrane peroxin PEX3 induces peroxisome-ubiquitination-linked pexophagy. Autophagy 2014, 10, 1549–1564. [Google Scholar] [CrossRef] [PubMed]

	



Singh, R.; Kaushik, S.; Wang, Y.; Xiang, Y.; Novak, I.; Komatsu, M.; Tanaka, K.; Cuervo, A.M.; Czaja, M.J. Autophagy regulates lipid metabolism. Nature 2009, 458, 1131–1135. [Google Scholar] [CrossRef] [PubMed]

	



Shun-saku, T.; Yu-Shin, S.; Tetsuya, S.; Akiko, K.; Takayuki, Y.; Masato, K.; Shuji, T.; Noboru, M.; Satoshi, W. Masaaki, Komatsu. bioRixiv 2019. [Google Scholar] [CrossRef]

	



Kwon, D.H.; Song, H.K. A Structural View of Xenophagy, a Battle between Host and Microbes. Mol. Cells 2018, 41, 27–34. [Google Scholar] [CrossRef]

	



Fujita, N.; Morita, E.; Itoh, T.; Tanaka, A.; Nakaoka, M.; Osada, Y.; Umemoto, T.; Saitoh, T.; Nakatogawa, H.; Kobayashi, S.; et al. Recruitment of the autophagic machinery to endosomes during infection is mediated by ubiquitin. J. Cell Biol. 2013, 203, 115–128. [Google Scholar] [CrossRef]

	



Choy, A.; Dancourt, J.; Mugo, B.; O’Connor, T.J.; Isberg, R.R.; Melia, T.J.; Roy, C.R. The Legionella Effector RavZ Inhibits Host Autophagy Through Irreversible Atg8 Deconjugation. Science 2012, 338, 1072–1076. [Google Scholar] [CrossRef]

	



Verhoef, L.G.; Lindsten, K.; Masucci, M.G.; Dantuma, N.P. Aggregate formation inhibits proteasomal degradation of polyglutamine proteins. Hum. Mol. Genet. 2002, 11, 2689–2700. [Google Scholar] [CrossRef]

	



De, S.; Wirthensohn, D.C.; Flagmeier, P.; Hughes, C.; Aprile, F.A.; Ruggeri, F.S.; Whiten, D.R.; Emin, D.; Xia, Z.; Varela, J.A.; et al. Different soluble aggregates of Aβ42 can give rise to cellular toxicity through different mechanisms. Nat. Commun. 2019, 10, 1541. [Google Scholar] [CrossRef] [PubMed]

	



Fusco, G.; Chen, S.W.; Williamson, P.T.F.; Cascella, R.; Perni, M.; Jarvis, J.A.; Cecchi, C.; Vendruscolo, M.; Chiti, F.; Cremades, N.; et al. Structural basis of membrane disruption and cellular toxicity by α-synuclein oligomers. Science 2017, 358, 1440–1443. [Google Scholar] [CrossRef] [PubMed]

	



Lamark, T.; Johansen, T. Aggrephagy: Selective disposal of protein aggregates by macroautophagy. Int. J. Cell Biol. 2012, 736905. [Google Scholar] [CrossRef] [PubMed]

	



Kraft, C.; Deplazes, A.; Sohrmann, M.; Peter, M. Mature ribosomes are selectively degraded upon starvation by an autophagy pathway requiring the Ubp3p/Bre5p ubiquitin protease. Nat. Cell Biol. 2008, 10, 602–610. [Google Scholar] [CrossRef]

	



Wyant, G.A.; Abu-Remaileh, M.; Frenkel, E.M.; Laqtom, N.N.; Dharamdasani, V.; Lewis, C.A.; Chan, S.H.; Heinze, I.; Ori, A.; Sabatini, D.M. NUFIP1 is a ribosome receptor for starvation-induced ribophagy. Science 2018, 360, 751–758. [Google Scholar] [CrossRef]

	



Tomioka, Y.; Kotani, T.; Kirisako, H.; Oikawa, Y.; Kimura, Y.; Hirano, H.; Ohsumi, Y.; Nakatogawa, H. TORC1 inactivation stimulates autophagy of nucleoporin and nuclear pore complexes. J. Cell Biol. 2020, 219, e201910063. [Google Scholar] [CrossRef]

	



Lee, C.W.; Wilfling, F.; Ronchi, P.; Allegretti, M.; Mosalaganti, S.; Jentsch, S.; Beck, M.; Pfander, B. Selective autophagy degrades nuclear pore complexes. Nat. Cell Biol. 2020, 22, 159–166. [Google Scholar] [CrossRef]

	



Fujiwara, Y.; Furuta, A.; Kikuchi, H.; Aizawa, S.; Hatanaka, Y.; Konya, C.; Uchida, K.; Yoshimura, A.; Tamai, Y.; Wada, K.; et al. Discovery of a novel type of autophagy targeting RNA. Autophagy 2013, 9, 403–409. [Google Scholar] [CrossRef]

	



Fujiwara, Y.; Kikuchi, H.; Aizawa, S.; Furuta, A.; Hatanaka, Y.; Konya, C.; Uchida, K.; Wada, K.; Kabuta, T. Direct uptake and degradation of DNA by lysosomes. Autophagy 2013, 9, 1167–1171. [Google Scholar] [CrossRef]

	



Aizawa, S.; Contu, V.R.; Fujiwara, Y.; Hase, K.; Kikuchi, H.; Kabuta, C.; Wada, K.; Kabuta, T. Lysosomal membrane protein SIDT2 mediates the direct uptake of DNA by lysosomes. Autophagy 2017, 13, 218–222. [Google Scholar] [CrossRef]

	



Nguyen, T.A.; Bieging-Rolett, K.T.; Putoczki, T.L.; Wicks, I.P.; Attardi, L.D.; Pang, K.C. SIDT2 RNA Transporter Promotes Lung and Gastrointestinal Tumor Development. iScience 2019, 20, 14–24. [Google Scholar] [CrossRef] [PubMed]

	



Mizushima, N. The role of the Atg1/ULK1 complex in autophagy regulation. Curr. Opin. Cell Biol. 2010, 22, 132–139. [Google Scholar] [CrossRef]

	



Liu, H.Y.; Han, J.; Cao, S.Y.; Hong, T.; Zhuo, D.; Shi, J.; Liu, Z.; Cao, W. Hepatic autophagy is suppressed in the presence of insulin resistance and hyperinsulinemia: Inhibition of FoxO1-dependent expression of key autophagy genes by insulin. J. Biol. Chem. 2009, 284, 31484–31492. [Google Scholar] [CrossRef]

	



Tanaka, S.; Hikita, H.; Tatsumi, T.; Sakamori, R.; Nozaki, Y.; Sakane, S.; Shiode, Y.; Nakabori, T.; Saito, Y.; Hiramatsu, N.; et al. Rubicon inhibits autophagy and accelerates hepatocyte apoptosis and lipid accumulation in nonalcoholic fatty liver disease in mice. Hepatology 2016, 64, 1994–2014. [Google Scholar] [CrossRef] [PubMed]

	



Ding, W.X.; Li, M.; Chen, X.; Ni, H.M.; Lin, C.W.; Gao, W.; Lu, B.; Stolz, D.B.; Clemens, D.L.; Yin, X.M. Autophagy reduces acute ethanol-induced hepatotoxicity and steatosis in mice. Gastroenterology 2010, 139, 1740–1752. [Google Scholar] [CrossRef]

	



Babuta, M.; Furi, I.; Bala, S.; Bukong, T.N.; Lowe, P.; Catalano, D.; Calenda, C.; Kodys, K.; Szabo, G. Dysregulated Autophagy and Lysosome Function Are Linked to Exosome Production by Micro-RNA 155 in Alcoholic Liver Disease. Hepatology 2019, 70, 2123–2141. [Google Scholar] [CrossRef] [PubMed]

	



Jung, H.S.; Chung, K.W.; Won Kim, J.; Kim, J.; Komatsu, M.; Tanaka, K.; Nguyen, Y.H.; Kang, T.M.; Yoon, K.H.; Kim, J.W.; et al. Loss of Autophagy Diminishes Pancreatic β Cell Mass and Function with Resultant Hyperglycemia. Cell Metab. 2008, 8, 318–324. [Google Scholar] [CrossRef]

	



Ebato, C.; Uchida, T.; Arakawa, M.; Komatsu, M.; Ueno, T.; Komiya, K.; Azuma, K.; Hirose, T.; Tanaka, K.; Kominami, E.; et al. Autophagy is important in islet homeostasis and compensatory increase of beta cell mass in response to high-fat diet. Cell Metab. 2008, 8, 325–332. [Google Scholar] [CrossRef]

	



Abedini, A.; Schmidt, A.M. Mechanisms of islet amyloidosis toxicity in type 2 diabetes. FEBS Lett. 2013, 587, 1119–1127. [Google Scholar] [CrossRef]

	



Kim, J.; Cheon, H.; Jeong, Y.T.; Quan, W.; Kim, K.H.; Cho, J.M.; Lim, Y.M.; Oh, S.H.; Jin, S.M.; Kim, J.H.; et al. Amyloidogenic peptide oligomer accumulation in autophagy-deficient β cells induces diabetes. J. Clin. Invest. 2014, 124, 3311–3324. [Google Scholar] [CrossRef]

	



Kimura, T.; Takabatake, Y.; Takahashi, A.; Kaimori, J.Y.; Matsui, I.; Namba, T.; Kitamura, H.; Niimura, F.; Matsusaka, T.; Soga, T.; et al. Autophagy Protects the Proximal Tubule from Degeneration and Acute Ischemic Injury. J. Am. Soc. Nephrol. 2011, 22, 902–913. [Google Scholar] [CrossRef]

	



Bonventre, J.V.; Yang, L. Cellular pathophysiology of ischemic acute kidney injury. J. Clin. Investig. 2011, 121, 4210–4221. [Google Scholar] [CrossRef]

	



Pabla, N.; Dong, Z. Cisplatin nephrotoxicity: Mechanisms and renoprotective strategies. Kidney Int. 2008, 73, 994–1007. [Google Scholar] [CrossRef] [PubMed]

	



Sharfuddin, A.A.; Molitoris, B.A. Pathophysiology of ischemic acute kidney injury. Nat. Rev. Nephrol. 2011, 7, 189–200. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, M.; Wei, Q.; Dong, G.; Komatsu, M.; Su, Y.; Dong, Z. Autophagy in proximal tubules protects against acute kidney injury. Kidney Int. 2012, 82, 1271–1283. [Google Scholar] [CrossRef]

	



Wang, Y.; Tang, C.; Cai, J.; Chen, G.; Zhang, D.; Zhang, Z.; Dong, Z. PINK1/Parkin-mediated mitophagy is activated in cisplatin nephrotoxicity to protect against kidney injury. Cell Death Dis. 2018, 9, 1113. [Google Scholar] [CrossRef] [PubMed]

	



Hartleben, B.; Gödel, M.; Meyer-Schwesinger, C.; Liu, S.; Ulrich, T.; Köbler, S.; Wiech, T.; Grahammer, F.; Arnold, S.J.; Lindenmeyer, M.T.; et al. Autophagy influences glomerular disease susceptibility and maintains podocyte homeostasis in aging mice. J. Clin. Investig. 2010, 120, 1084–1096. [Google Scholar] [CrossRef] [PubMed]

	



Fang, L.; Zhou, Y.; Cao, H.; Wen, P.; Jiang, L.; He, W.; Dai, C.; Yang, J. Autophagy Attenuates Diabetic Glomerular Damage through Protection of Hyperglycemia-Induced Podocyte Injury. PLoS ONE 2013, 8, e60546. [Google Scholar] [CrossRef] [PubMed]

	



Yamaguchi, O. Autophagy in the Heart. Circ. J. 2019, 83, 697–704. [Google Scholar] [CrossRef]

	



Wang, K.; Xu, Y.; Sun, Q.; Long, J.; Liu, J.; Ding, J. Mitochondria regulate cardiac contraction through ATP-dependent and independent mechanisms. Free Radic. Res. 2018, 52, 1256–1265. [Google Scholar] [CrossRef] [PubMed]

	



Taneike, M.; Yamaguchi, O.; Nakai, A.; Hikoso, S.; Takeda, T.; Mizote, I.; Oka, T.; Tamai, T.; Oyabu, J.; Murakawa, T.; et al. Inhibition of autophagy in the heart induces age-related cardiomyopathy. Autophagy 2010, 6, 600–606. [Google Scholar] [CrossRef] [PubMed]

	



Shirakabe, A.; Zhai, P.; Ikeda, Y.; Saito, T.; Maejima, Y.; Hsu, C.P.; Nomura, M.; Egashira, K.; Levine, B.; Sadoshima, J. Drp1-Dependent Mitochondrial Autophagy Plays a Protective Role Against Pressure Overload-Induced Mitochondrial Dysfunction and Heart Failure. Circulation 2016, 133, 1249–1263. [Google Scholar] [CrossRef] [PubMed]

	



Saito, T.; Asai, K.; Sato, S.; Hayashi, M.; Adachi, A.; Sasaki, Y.; Takano, H.; Mizuno, K.; Shimizu, W. Autophagic vacuoles in cardiomyocytes of dilated cardiomyopathy with initially decompensated heart failure predict improved prognosis. Autophagy 2016, 12, 579–587. [Google Scholar] [CrossRef] [PubMed]

	



Maejima, Y.; Kyoi, S.; Zhai, P.; Liu, T.; Li, H.; Ivessa, A.; Sciarretta, S.; Del Re, D.P.; Zablocki, D.K.; Hsu, C.P.; et al. Mst1 inhibits autophagy by promoting the interaction between Beclin1 and Bcl-2. Nat. Med. 2013, 19, 1478–1488. [Google Scholar] [CrossRef]

	



Hampe, J.; Franke, A.; Rosenstiel, P.; Till, A.; Teuber, M.; Huse, K.; Albrecht, M.; Mayr, G.; De La Vega, F.M.; Briggs, J.; et al. A genome-wide association scan of nonsynonymous SNPs identifies a susceptibility variant for Crohn disease in ATG16L1. Nat. Genet. 2007, 39, 207–211. [Google Scholar] [CrossRef]

	



Ogura, Y.; Bonen, D.K.; Inohara, N.; Nicolae, D.L.; Chen, F.F.; Ramos, R.; Britton, H.; Moran, T.; Karaliuskas, R.; Duerr, R.H.; et al. A frameshift mutation in NOD2 associated with susceptibility to Crohn’s disease. Nature 2001, 411, 603–606. [Google Scholar] [CrossRef]

	



McCarroll, S.A.; Huett, A.; Kuballa, P.; Chilewski, S.D.; Landry, A.; Goyette, P.; Zody, M.C.; Hall, J.L.; Brant, S.R.; Cho, J.H.; et al. Deletion polymorphism upstream of IRGM associated with altered IRGM expression and Crohn’s disease. Nat. Genet. 2008, 40, 1107–1112. [Google Scholar] [CrossRef]

	



Takagawa, T.; Kitani, A.; Fuss, I.; Levine, B.; Brant, S.R.; Peter, I.; Tajima, M.; Nakamura, S.; Strober, W. An increase in LRRK2 suppresses autophagy and enhances Dectin-1-induced immunity in a mouse model of colitis. Sci. Transl. Med. 2018, 10, eaan8162. [Google Scholar] [CrossRef]

	



Henckaerts, L.; Cleynen, I.; Brinar, M.; John, J.M.; Van Steen, K.; Rutgeerts, P.; Vermeire, S. Genetic variation in the autophagy gene ULK1 and risk of Crohn’s disease. Inflamm. Bowel. Dis. 2011, 17, 1392–1397. [Google Scholar] [CrossRef]

	



Iida, T.; Onodera, K.; Nakase, H. Role of autophagy in the pathogenesis of inflammatory bowel disease. World, J. Gastroenterol. 2017, 23, 1944–1953. [Google Scholar] [CrossRef]

	



Farin, H.F.; Karthaus, W.R.; Kujala, P.; Rakhshandehroo, M.; Schwank, G.; Vries, R.G.; Kalkhoven, E.; Nieuwenhuis, E.E.; Clevers, H. Paneth cell extrusion and release of antimicrobial products is directly controlled by immune cell–derived IFN-γ. J. Exp. Med. 2014, 211, 1393–1405. [Google Scholar] [CrossRef] [PubMed]

	



Duerkop, B.A.; Vaishnava, S.; Hooper, L.V. Immune responses to the microbiota at the intestinal mucosal surface. Immunity 2009, 31, 368–376. [Google Scholar] [CrossRef] [PubMed]

	



Nighot, P.K.; Leung, L.; Ma, T.Y. Chloride channel ClC- 2 enhances intestinal epithelial tight junction barrier function via regulation of caveolin-1 and caveolar trafficking of occluding. Exp. Cell Res. 2017, 352, 113–122. [Google Scholar] [CrossRef] [PubMed]

	



Homer, C.R.; Richmond, A.L.; Rebert, N.A.; Achkar, J.P.; McDonald, C. ATG16L1 and NOD2 interact in an autophagy-dependent antibacterial pathway implicated in Crohn’s disease pathogenesis. Gastroenterology 2010, 139, 1630–1641. [Google Scholar] [CrossRef]

	



Travassos, L.H.; Carneiro, L.A.; Ramjeet, M.; Hussey, S.; Kim, Y.G.; Magalhães, J.G.; Yuan, L.; Soares, F.; Chea, E.; Le Bourhis, L.; et al. Nod1 and Nod2 direct autophagy by recruiting ATG16L1 to the plasma membrane at the site of bacterial entry. Nat. Immunol. 2010, 11, 55–62. [Google Scholar] [CrossRef]

	



Murthy, A.; Li, Y.; Peng, I.; Reichelt, M.; Katakam, A.K.; Noubade, R.; Roose-Girma, M.; DeVoss, J.; Diehl, L.; Graham, R.R.; et al. A Crohn’s disease variant in Atg16l1 enhances its degradation by caspase 3. Nature 2014, 506, 456–462. [Google Scholar] [CrossRef]

	



Cadwell, K.; Patel, K.K.; Komatsu, M.; Virgin, H.W., IV; Stappenbeck, T.S. A common role for Atg16L1, Atg5 and Atg7 in small intestinal Paneth cells and Crohn disease. Autophagy 2009, 5, 250–252. [Google Scholar] [CrossRef]

	



Hunn, J.P.; Feng, C.G.; Sher, A.; Howard, J.C. The immunity-related GTPases in mammals: A fast-evolving cell-autonomous resistance system against intracellular pathogens. Mamm. Genome 2011, 22, 43–54. [Google Scholar] [CrossRef]

	



Mehto, S.; Jena, K.K.; Nath, P.; Chauhan, S.; Kolapalli, S.P.; Das, S.K.; Sahoo, P.K.; Jain, A.; Taylor, G.A.; Chauhan, S. The Crohn’s Disease Risk Factor IRGM Limits NLRP3 Inflammasome Activation by Impeding Its Assembly and by Mediating Its Selective Autophagy. Mol. Cell. 2019, 73, 429–445. [Google Scholar] [CrossRef]

	



Franke, A.; McGovern, D.P.; Barrett, J.C.; Wang, K.; Radford-Smith, G.L.; Ahmad, T.; Lees, C.W.; Balschun, T.; Lee, J.; Roberts, R.; et al. Genome-wide meta-analysis increases to 71 the number of confirmed Crohn’s disease susceptibility loci. Nat. Genet. 2010, 42, 1118–1125. [Google Scholar] [CrossRef]

	



Zimprich, A.; Biskup, S.; Leitner, P.; Lichtner, P.; Farrer, M.; Lincoln, S.; Kachergus, J.; Hulihan, M.; Uitti, R.J.; Calne, D.B.; et al. Mutations in LRRK2 cause autosomal-dominant parkinsonism with pleomorphic pathology. Neuron. 2004, 44, 601–607. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Q.; Pan, Y.; Yan, R.; Zeng, B.; Wang, H.; Zhang, X.; Li, W.; Wei, H.; Liu, Z. Commensal bacteria direct selective cargo sorting to promote symbiosis. Nat. Immunol. 2015, 16, 918–926. [Google Scholar] [CrossRef] [PubMed]

	



Narendra, D.; Tanaka, A.; Suen, D.F.; Youle, R.J. Parkin is recruited selectively to impaired mitochondria and promotes their autophagy. J. Cell Biol. 2008, 183, 795–803. [Google Scholar] [CrossRef] [PubMed]

	



Valente, E.M.; Brancati, F.; Caputo, V.; Graham, E.A.; Davis, M.B.; Ferraris, A.; Breteler, M.M.; Gasser, T.; Bonifati, V.; Bentivoglio, A.R.; et al. PARK6 is a common cause of familial parkinsonism. Neurology 2002, 23, 117–118. [Google Scholar] [CrossRef]

	



Nalls, M.A.; McLean, C.Y.; Rick, J.; Eberly, S.; Hutten, S.J.; Gwinn, K.; Sutherland, M.; Martinez, M.; Heutink, P.; Williams, N.M.; et al. Diagnosis of Parkinson’s disease on the basis of clinical and genetic classification: A population-based modelling study. Lancet Neurol. 2015, 14, 1002–1009. [Google Scholar] [CrossRef]

	



Chang, D.; Nalls, M.A.; Hallgrímsdóttir, I.B.; Hunkapiller, J.; van der Brug, M.; Cai, F.; International Parkinson’s Disease Genomics Consortium; 23andMe Research Team; Kerchner, G.A.; Ayalon, G.; et al. A meta-analysis of genome-wide association studies identifies 17 new Parkinson’s disease risk loci. Nat. Genet. 2017, 49, 1511–1516. [Google Scholar] [CrossRef] [PubMed]

	



Youle, R.J.; Narendra, D.P. Mechanisms of mitophagy. Nat. Rev. Mol. Cell Biol. 2011, 12, 9–14. [Google Scholar] [CrossRef]

	



Matsuda, N.; Sato, S.; Shiba, K.; Okatsu, K.; Saisho, K.; Gautier, C.A.; Sou, Y.S.; Saiki, S.; Kawajiri, S.; Sato, F.; et al. PINK1 stabilized by mitochondrial depolarization recruits Parkin to damaged mitochondria and activates latent Parkin for mitophagy. J. Cell Biol. 2010, 189, 211–221. [Google Scholar] [CrossRef]

	



Wan, H.; Wang, Q.; Chen, X.; Zeng, Q.; Shao, Y.; Fang, H.; Liao, X.; Li, H.S.; Liu, M.G.; Xu, T.L.; et al. WDR45 contributes to neurodegeneration through regulation of ER homeostasis and neuronal death. Autophagy 2020, 16, 531–547. [Google Scholar] [CrossRef]

	



Ashkenazi, A.; Bento, C.F.; Ricketts, T.; Vicinanza, M.; Siddiqi, F.; Pavel, M.; Squitieri, F.; Hardenberg, M.C.; Imarisio, S.; Menzies, F.M.; et al. Polyglutamine tracts regulate beclin 1-dependent autophagy. Nature 2017, 545, 108–111. [Google Scholar] [CrossRef]

	



Wong, Y.C.; Holzbaur, E.L. Optineurin is an autophagy receptor for damaged mitochondria in parkin-mediated mitophagy that is disrupted by an ALS-linked mutation. Proc. Nat. Acad. Sci. USA 2014, 111, E4439–E4448. [Google Scholar] [CrossRef] [PubMed]

	



Vantaggiato, C.; Panzeri, E.; Castelli, M.; Citterio, A.; Arnoldi, A.; Santorelli, F.M.; Liguori, R.; Scarlato, M.; Musumeci, O.; Toscano, A.; et al. ZFYVE26/SPASTIZIN and SPG11/SPATACSIN mutations in hereditary spastic paraplegia types AR-SPG15 and AR-SPG11 have different effects on autophagy and endocytosis. Autophagy 2019, 15, 34–57. [Google Scholar] [CrossRef] [PubMed]

	



Colecchia, D.; Stasi, M.; Leonardi, M.; Manganelli, F.; Nolano, M.; Veneziani, B.M.; Santoro, L.; Eskelinen, E.L.; Chiariello, M.; Bucci, C. Alterations of autophagy in the peripheral neuropathy Charcot-Marie-Tooth type 2B. Autophagy 2018, 14, 930–941. [Google Scholar] [CrossRef] [PubMed]

	



Lee, Y.; Jonson, P.H.; Sarparanta, J.; Palmio, J.; Sarkar, M.; Vihola, A.; Evilä, A.; Suominen, T.; Penttilä, S.; Savarese, M.; et al. TIA1 variant drives myodegeneration in multisystem proteinopathy with SQSTM1 mutations. J. Clin. Investig. 2018, 128, 1164–1177. [Google Scholar] [CrossRef]

	



Reddy, P.H.; Yin, X.; Manczak, M.; Kumar, S.; Pradeepkiran, J.A.; Vijayan, M.; Reddy, A.P. Mutant APP and amyloid beta-induced defective autophagy, mitophagy, mitochondrial structural and functional changes and synaptic damage in hippocampal neurons from Alzheimer’s disease. Hum. Mol. Genet. 2018, 27, 2502–2516. [Google Scholar] [CrossRef]

	



Haack, T.B.; Hogarth, P.; Kruer, M.C.; Gregory, A.; Wieland, T.; Schwarzmayr, T.; Graf, E.; Sanford, L.; Meyer, E.; Kara, E.; et al. Exome sequencing reveals de novo WDR45 mutations causing a phenotypically distinct, X-linked dominant form of NBIA. Am. J. Hum. Genet. 2012, 91, 1144–1149. [Google Scholar] [CrossRef]

	



Saitsu, H.; Nishimura, T.; Muramatsu, K.; Kodera, H.; Kumada, S.; Sugai, K.; Kasai-Yoshida, E.; Sawaura, N.; Nishida, H.; Hoshino, A.; et al. De novo mutations in the autophagy gene WDR45 cause static encephalopathy of childhood with neurodegeneration in adulthood. Nat. Genet. 2013, 45, 445–449. [Google Scholar] [CrossRef]

	



Zhao, Y.G.; Sun, L.; Miao, G.; Ji, C.; Zhao, H.; Sun, H.; Miao, L.; Yoshii, S.R.; Mizushima, N.; Wang, X.; et al. The autophagy gene Wdr45/Wipi4 regulates learning and memory function and axonal homeostasis. Autophagy 2015, 11, 881–890. [Google Scholar] [CrossRef]

	



González-Rodríguez, A.; Mayoral, R.; Agra, N.; Valdecantos, M.P.; Pardo, V.; Miquilena-Colina, M.E.; Vargas-Castrillón, J.; Lo Iacono, O.; Corazzari, M.; Fimia, G.M.; et al. Impaired autophagic flux is associated with increased endoplasmic reticulum stress during the development of NAFLD. Cell Death Dis. 2014, 5, e1179. [Google Scholar] [CrossRef]

	



Inami, Y.; Waguri, S.; Sakamoto, A.; Kouno, T.; Nakada, K.; Hino, O.; Watanabe, S.; Ando, J.; Iwadate, M.; Yamamoto, M.; et al. Persistent activation of Nrf2 through p62 in hepatocellular carcinoma cells. J. Cell Biol. 2011, 193, 275–284. [Google Scholar] [CrossRef]

	



Sun, D.; Wu, R.; Zheng, J.; Li, P.; Yu, L. Polyubiquitin chain-induced p62 phase separation drives autophagic cargo segregation. Cell Res. 2018, 28, 405–415. [Google Scholar] [CrossRef] [PubMed]

	



Komatsu, M.; Waguri, S.; Koike, M.; Sou, Y.S.; Ueno, T.; Hara, T.; Mizushima, N.; Iwata, J.; Ezaki, J.; Murata, S.; et al. Homeostatic levels of p62 control cytoplasmic inclusion body formation in autophagy-deficient mice. Cell 2007, 131, 1149–1163. [Google Scholar] [CrossRef] [PubMed]

	



Ni, H.M.; Woolbright, B.L.; Williams, J.; Copple, B.; Cui, W.; Luyendyk, J.P.; Jaeschke, H.; Ding, W.X. Nrf2 Promotes the Development of Fibrosis and Tumorigenesis in Mice with Defective Hepatic Autophagy. J. Hepatol. 2014, 61, 617–625. [Google Scholar] [CrossRef] [PubMed]

	



Li, L.; Shen, C.; Nakamura, E.; Ando, K.; Signoretti, S.; Beroukhim, R.; Cowley, G.S.; Lizotte, P.; Liberzon, E.; Bair, S.; et al. SQSTM1 is a pathogenic target of 5q copy number gains in kidney cancer. Cancer Cell. 2013, 24, 738–750. [Google Scholar] [CrossRef]

	



Moscat, J.; Diaz-Meco, M.T. p62: A versatile multitasker takes on cancer. Trends Biochem. Sci. 2012, 37, 230–236. [Google Scholar] [CrossRef]

	



Strohecker, A.M.; White, E. Targeting mitochondrial metabolism by inhibiting autophagy in BRAF-driven cancers. Cancer Discov. 2014, 4, 766–772. [Google Scholar] [CrossRef]

	



Yang, S.; Wang, X.; Contino, G.; Liesa, M.; Sahin, E.; Ying, H.; Bause, A.; Li, Y.; Stommel, J.M.; Dell’antonio, G.; et al. Pancreatic cancers require autophagy for tumor growth. Genes Dev. 2011, 25, 717–729. [Google Scholar] [CrossRef]

	



Yang, A.; Kimmelman, A.C. Inhibition of autophagy attenuates pancreatic cancer growth independent of TP53/TRP53 status. Autophagy 2014, 10, 1683–1684. [Google Scholar] [CrossRef]

	



Guo, J.Y.; Teng, X.; Laddha, S.V.; Ma, S.; Van Nostrand, S.C.; Yang, Y.; Khor, S.; Chan, C.S.; Rabinowitz, J.D.; White, E. Autophagy provides metabolic substrates to maintain energy charge and nucleotide pools in Ras-driven lung cancer cells. Genes Dev. 2016, 30, 1704–1717. [Google Scholar] [CrossRef]

	



Guo, J.Y.; White, E. Autophagy is required for mitochondrial function, lipid metabolism, growth, and fate of KRAS(G12D)-driven lung tumors. Autophagy 2013, 9, 1636–1638. [Google Scholar] [CrossRef]

	



Chen, S.; Wang, C.; Yeo, S.; Liang, C.C.; Okamoto, T.; Sun, S.; Wen, J.; Guan, J.L. Distinct roles of autophagy-dependent and -independent functions of FIP200 revealed by generation and analysis of a mutant knock-in mouse model. Genes Dev. 2016, 30, 856–869. [Google Scholar] [CrossRef] [PubMed]

	



Wei, H.; Wei, S.; Gan, B.; Peng, X.; Zou, W.; Guan, J.L. Suppression of autophagy by FIP200 deletion inhibits mammary tumorigenesis. Genes Dev. 2011, 25, 1510–1527. [Google Scholar] [CrossRef] [PubMed]

	



Perera, R.M.; Di Malta, C.; Ballabio, A. MiT/TFE Family of Transcription Factors, Lysosomes, and Cancer. Annu Rev. Cancer Biol. 2019, 3, 203–222. [Google Scholar] [CrossRef] [PubMed]

	



Perera, R.M.; Stoykova, S.; Nicolay, B.N.; Ross, K.N.; Fitamant, J.; Boukhali, M.; Lengrand, J.; Deshpande, V.; Selig, M.K.; Ferrone, C.R.; et al. Transcriptional control of autophagy-lysosome function drives pancreatic cancer metabolism. Nature 2015, 524, 361–365. [Google Scholar] [CrossRef] [PubMed]

	



Wong, P.M.; Feng, Y.; Wang, J.; Shi, R.; Jiang, X. Regulation of autophagy by coordinated action of mTORC1 and protein phosphatase 2A. Nat. Commun. 2015, 6, 8048. [Google Scholar] [CrossRef]

	



Bryant, K.L.; Stalnecker, C.A.; Zeitouni, D.; Klomp, J.E.; Peng, S.; Tikunov, A.P.; Gunda, V.; Pierobon, M.; Waters, A.M.; George, S.D.; et al. Combination of ERK and autophagy inhibition as a treatment approach for pancreatic cancer. Nat. Med. 2019, 25, 628–640. [Google Scholar] [CrossRef]

	



Guo, J.Y.; Chen, H.Y.; Mathew, R.; Fan, J.; Strohecker, A.M.; Karsli-Uzunbas, G.; Kamphorst, J.J.; Chen, G.; Lemons, J.M.; Karantza, V.; et al. Activated Ras requires autophagy to maintain oxidative metabolism and tumorigenesis. Genes Dev. 2011, 25, 460–470. [Google Scholar] [CrossRef]

	



Guo, J.Y.; Karsli-Uzunbas, G.; Mathew, R.; Aisner, S.C.; Kamphorst, J.J.; Strohecker, A.M.; Chen, G.; Price, S.; Lu, W.; Teng, X.; et al. Autophagy suppresses progression of K-ras-induced lung tumors to oncocytomas and maintains lipid homeostasis. Genes Dev. 2013, 27, 1447–1461. [Google Scholar] [CrossRef]

	



Ichikawa, A.; Fujita, Y.; Hosaka, Y.; Kadota, T.; Ito, A.; Yagishita, S.; Watanabe, N.; Fujimoto, S.; Kawamoto, H.; Saito, N.; et al. Chaperone-mediated autophagy receptor modulates tumor growth and chemoresistance in non-small cell lung cancer. Cancer Sci. 2020, 111, 4154–4165. [Google Scholar] [CrossRef]

	



Scherz-Shouval, R.; Weidberg, H.; Gonen, C.; Wilder, S.; Elazar, Z.; Oren, M. p53-dependent regulation of autophagy protein LC3 supports cancer cell survival under prolonged starvation. Proc. Natl. Acad. Sci. USA 2010, 107, 18511–18516. [Google Scholar] [CrossRef]

	



Zheng, H.Y.; Zhang, X.Y.; Wang, X.F.; Sun, B.C. Autophagy enhances the aggressiveness of human colorectal cancer cells and their ability to adapt to apoptotic stimulus. Cancer Biol. Med. 2012, 9, 105–110. [Google Scholar] [CrossRef]

	



Cho, D.H.; Jo, Y.K.; Kim, S.C.; Park, I.J.; Kim, J.C. Down-regulated expression of ATG5 in colorectal cancer. Anticancer Res. 2012, 32, 4091–4409. [Google Scholar] [PubMed]

	



Ahn, C.H.; Jeong, E.G.; Lee, J.W.; Kim, M.S.; Kim, S.H.; Kim, S.S.; Yoo, N.J.; Lee, S.H. Expression of beclin-1, an autophagy-related protein, in gastric and colorectal cancers. APMIS 2007, 115, 1344–1349. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Z.; Ghoorun, R.A.; Fan, X.; Wu, P.; Bai, Y.; Li, J.; Chen, H.; Wang, L.; Wang, J. High expression of Beclin-1 predicts favorable prognosis for patients with colorectal cancer. Clin. Res. Hepatol. Gastroenterol. 2015, 39, 98–106. [Google Scholar] [CrossRef] [PubMed]

	



Park, J.M.; Huang, S.; Wu, T.T.; Foster, N.R.; Sinicrope, F.A. Prognostic impact of Beclin 1, p62/sequestosome 1 and LC3 protein expression in colon carcinomas from patients receiving 5-fluorouracil as adjuvant chemotherapy. Cancer Biol. Ther. 2013, 14, 100–107. [Google Scholar] [CrossRef] [PubMed]

	



Liang, X.H.; Jackson, S.; Seaman, M.; Brown, K.; Kempkes, B.; Hibshoosh, H.; Levine, B. Induction of autophagy and inhibition of tumorigenesis by beclin 1. Nature 1999, 402, 672–676. [Google Scholar] [CrossRef]

	



Vera-Ramirez, L.; Vodnala, S.K.; Nini, R.; Hunter, K.W.; Green, J.E. Autophagy promotes the survival of dormant breast cancer cells and metastatic tumour recurrence. Nat. Commun. 2018, 9, 1944. [Google Scholar] [CrossRef]








[image: Ijms 21 08974 g001 550] 





Figure 1. ULK1 complex involved in initiating autophagy is regulated by mTORC1. Amino acid starvation and reduced insulin levels lead to the inactivation of mTORC1, resulting in the induction of autophagy. The class III phosphatidylinositol 3-kinase (PtdIns3K) complex is mobilized downstream of the PI3K complex to form a phagophore. VPS34 of the PI3K complex forms PI3P, and WIPI is mobilized, and WIPI2 acts on Atg2. The Atg12-Atg5-Atg16L1 complex has E3-like activity against the LC3-PE complex on phagophores. Autophagosome formation is completed by the LC3-PE complex and Atg12-Atg5-Atg16L1 complex. Autophagosomes form SNAP29, and lysosome VAMP7/VAMP8 and SNARE conjugates by STX17 and YKT6 complexes, resulting in the fusion of autophagosomes and lysosomes. ULK1: Unc-51-like autophagy activating kinase 1, mTORC1: mammalian target of rapamycin complex 1, PI3K: Class III phosphatidylinositol 3-kinase, VPS34: phosphatidylinositol 3-kinase, PI3P: phosphatidylinositol-3-phosphate, WIPI: WD-repeat protein interacting with phosphoInositides, Atg: Autophagy-related gene, LC3: Microtubule-associated protein light chain 3, PE: Phosphatidylethanolamine, SNAP: Synaptosomal-associated protein, VAMP: Vesicle-associated membrane protein, SNARE: Soluble N-ethyl maleimide-sensitive protein (NSF) attachment protein receptor, STX: Syntaxin. 
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Figure 2. Number of publications have demonstrated that suppression of autophagy has detrimental effects on the maintenance of function in vivo. NAFLD, Diabetes, AKD/CKD, Heart failure, IBD, and Neurodegenerative diseases are associated with impaired autophagy function. However, in cancer, not only the suppression but also the enhancement of autophagy plays a major role in the development of the disease through different pathways. NAFLD: Non-alcoholic fatty liver disease, AKD: Akute kidney diseases and disorders, CKD: Chronic kidney disease, IBD: Inflammatory bowel disease. 
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Table 1. List of selective autophagy types and target cargo.
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	Name
	Target Cargo





	Mitophagy
	Mitochondria



	Allophagy
	Paternal organelles



	ER-phagy
	Endoplasmic reticulum



	Lysophagy
	Lysosome



	Nucleophagy
	Nucleus



	Pexophagy
	Peroxisomes



	Lipophagy
	Lipid droplets



	Xenophagy
	Cellular pathogens



	Aggrephagy
	Abnormal protein aggregates



	Ribophagy
	Ribosomes



	NPC-phagy
	NPC



	RN/DN-autophagy
	RNA/DNA







NPC: Nuclear pore complex.
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Table 2. Autophagy-related neurodegenerative disease.
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	Name
	Mutated Gene
	Mechanism
	Reference





	Parkinson’s disease
	Parkin, PINK1
	Mutated Parkin and PINK1 inhibit mitophagy
	[118]



	Static encephalopathy of childhood

with neurodegeneration

in adulthood

β-propeller protein-associated neurodegeneration
	Wdr45
	Abnormalities in Wdr45 lead to impaired lysosomal degradation of ER proteins
	[119]



	Huntington’s disease
	HTT
	PolyQ extension in HTT reduces autophagy by acting on Beclin-1
	[120]



	Amyotrophic lateral sclerosis
	OPTN1
	ALS mutations interfere with efficient Parkin-mediated mitophagy degradation
	[121]



	Hereditary spastic paraplegia
	ZFYVE26
	ZFYVE26 mutation contributes to a defect in the fusion of autophagosomes and endosomes
	[122]



	Charcot–Marie–Tooth disease
	RAB7A
	RAB7A mutants reduce

autophagic flux in HeLa cells
	[123]



	Frontotemporal dementia
	SQSTM1
	Mutations in SQSTM1 impair ubiquitin-mediated autophagic degradation
	[124]



	Alzheimer’s disease
	APP
	Mutant APP and amyloid β cause autophagy/mitophagy

abnormalities in hippocampal neurons
	[125]







PINK: Phosphatase and Tensin Homolog (PTEN)-induced kinase, ER: endoplasmic reticulum, PolyQ: polyglutamine, ALS: Amyotrophic lateral sclerosis.
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Table 3. List of clinical trials for autophagy-related diseases.
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	Trial
	Disease
	NCT Number





	Study of Autophagy and the Effects of GALIG Gene Products in HIV-1-Infected Patients Who Are Under Antiretroviral Therapy Since Primary Infection, Chronic Phase, or Never Treated
	HIV Infections
	NCT04160455



	MEK and Autophagy Inhibition in Metastatic/Locally Advanced, Unresectable Neuroblastoma RAS (NRAS) Melanoma (CHLOROTRAMMEL)
	Melanoma
	NCT03979651



	Study of Combination Therapy with the MEK Inhibitor, Cobimetinib, Immune Checkpoint Blockade, Atezolizumab, and the AUTOphagy Inhibitor, Hydroxychloroquine, in KRAS-mutated Advanced Malignancies
	Gastrointestinal Cancer
	NCT04214418



	Sirolimus or Vorinostat and Hydroxychloroquine in Advanced Cancer
	Advanced Cancers
	NCT01266057



	Akt Inhibitor MK2206 and Hydroxychloroquine in Treating Patients with Advanced Solid Tumors, Melanoma, Prostate, or Kidney Cancer
	Advanced Malignant Solid Neoplasm

Stage III Cutaneous Melanoma

Stage III Prostate Cancer
	NCT01480154



	MLN9708 and Vorinostat in Patients with Advanced p53 Mutant Malignancies
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