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Abstract. 
Macroautophagy (hereafter autophagy) is currently one of the areas of medical life sciences attracting a great interest because of its pathological implications and therapy potentials. The discovery of the autophagy-related genes (ATGs) has been the key event in this research field because their study has led to the acquisition of new knowledge about the mechanism of this transport pathway. In addition, the investigation of these genes in numerous model systems has revealed the central role that autophagy plays in maintaining the cell homeostasis. This process carries out numerous physiological functions, some of which were unpredicted and thus surprising. Here, we will review some of the questions about the mechanism and function of autophagy that still remain unanswered, and new ones that have emerged from the recent discoveries.
 

1. Introduction
The basic mechanism of autophagy is the sequestration of the structure that has to be degraded by large cytoplasmic double-membrane vesicles called autophagosomes. The current model is that autophagosomes are formed by expansion and sealing of a small cistern known as the phagophore or isolation membrane (Figure 1) [1–5]. Once complete, they fuse with the mammalian lysosomes or plant and yeast vacuoles to expose their cargo to the hydrolytic interior of these compartments for degradation. In mammalian cells, this event is preceded by the fusion with vesicles of the endocytic pathway and/or endosomes, to form amphisomes (Figure 1) [6]. The metabolites generated in the lysosomes/vacuoles are subsequently transported in the cytoplasm and used as either an energy source or building blocks for the synthesis of new macromolecules. The phagophore is generated at a specialized site known as the phagophore assembly site or preautophagosomal structure (PAS) [1–5]. At this location, the key actors of this pathway, the autophagy-related genes (ATGs), mediate the formation of the phagophore and its expansion into an autophagosome. Sixteen Atg proteins compose the conserved core Atg machinery that catalyses the formation of autophagosomes in all eukaryotes. The rest of the Atg proteins are organism-specific and most of them are involved in either the regulation of autophagy or dictating the specificity during selective types of autophagy. Autophagy has been considered for long time a nonselective process for bulk degradation of either long-lived proteins or cytoplasmic components during nutrient deprivation. Recent evidences, however, have revealed the existence of numerous types of selective autophagy used by the cell to specifically eliminate unwanted structures including organelles and invading microorganisms [7]. Under specific conditions, autophagosomes can thus exclusively sequester and degrade mitochondria (i.e., mitophagy), peroxisomes (i.e., pexophagy), endoplasmic reticulum (ER) (i.e., ER-phagy or reticulophagy), endosomes/lysosomes, lipid droplets (i.e., lipophagy), secretory granules (i.e., zymophagy), cytoplasmic aggregates and complexes (i.e., aggrephagy), ribosomes (i.e., ribophagy), invading pathogens (i.e., xenophagy) and so forth.


	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	


	
	
	
	
	
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
	
	
	
	
	
	
	
	
		
		
		
	
	
	
		
		
		
	
	
	
		
		
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
		
		
	
	
	
		
		
		
	
	
	
		
		
		
	
	
	
		
		
		
	
	
	
		
		
	
	
		
		
		
		
	
	
	
		
		
		
	
	


	
	




	
		
			
				
				
					
				
			
		
	


	
		
			
				
				
					
				
			
		
	


	
		
			
				
				
					
				
			
		
	


	
		
			
			
				
			
		
	



	
		
			
				
					
					
						
					
				
			
		
	
	


	
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
	




	
		
		
		
	
	
	
		
		
		
	
	
	
		
		
		
	
	
	
		
		
		
	
	
	
		
		
		
	
	


	
	



	
	
	
	
	
	
	


	
	





	
	
	
	
	
	
	


	
	



	
		
		
		
	
	
	
		
		
		
	
	
	
		
		
		
	
	
	
		
		
		
	
	
	
		
		
		
	
	


	
	





	
	


	
	


	
	


	
	


	
	


	
	



	
	
	
	
	
	
	


	
		
		
		
	
	
	
		
		
		
	
	
	
		
		
		
	
	
	
		
		
		
	
	
	
		
		
		
	
	


	
	




	
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
	
	
	
	
	
	


	
		
		
		
	
	
	
		
		
		
	
	
	
		
		
		
	
	
	
		
		
		
	
	
	
		
		
		
	
	


	
	




	
	





	
	
	
	
	





	
	
	
	
	
	
	


	
	



	
		
		
		
	
	
		
	
		
		
		
	
	
	
		
		
		
	
	
	
		
		
		
	
	
		
	
		
		
		
	
	
		


	
	



	
		
		
			
		
	


	
		
			
				
					
					
						
					
				
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
		
	

Figure 1: Schematic representation of the process of autophagy. Phagophores are the initial precursor structure of this transport pathway. These membrane cisterns are formed at the PAS by the Atg machinery, which also catalyzes their expansion into autophagosomes through the acquisition of extra lipid bilayers. During this latter event, the growing phagophore sequesters cytoplasmic components or specific structures depending on the autophagy-inducing conditions. The closure of the expanding phagophore leads to the formation of a double-membrane vesicle called an autophagosome, which contains the cargo targeted for degradation. The Atg machinery is then released from the surface and the complete autophagosomes, which initially fuse with endosomal compartments generating amphisomes. While the cargo material starts to be already turned over in the amphisomes, the exposure to hydrolases by fusion with lysosomes to form autolysosomes allows its complete degradation into basic metabolites such as amino acids and sugars, which are transported in the cytoplasm and used as an energy source or building blocks for the synthesis of new macromolecules. Adapted from [8, 9].


Because of its ability to rapidly eliminate unwanted structures, autophagy participates in a multitude of physiological processes essential to maintain cellular and organismal homeostasis such as the adaptation to starvation, cell differentiation and development, degradation of aberrant structures, turnover of superfluous or damaged organelles, tumorsuppression, innate and adaptive immunity, lifespan extension, and type II programmed cell death [10–13]. As a result, a defect or an impairment in this pathway leads to severe illnesses including neurodegenerative, cardiovascular, chronic inflammatory, muscular and autoimmune diseases, and some malignancies. Crucially, it has also been shown that autophagy could be a potential therapy to prevent or cure particular diseases, including specific types of tumors, muscular dystrophies, neurodegenerative disorders, and selected infections [14–19].
2. The Atg Proteins and the Autophagosome Biogenesis
2.1. The Autophagosome Formation
A central objective in the field of autophagy is to assign a function to the Atg proteins, that is, how these factors assemble, rearrange, and expand membranes into an autophagosome. Although the exact molecular role of the core Atg proteins remains unknown, they have been classified into five Atg functional groups principally based on interactions: the Atg1/Ulk kinase complex, the Atg9 cycling system, the autophagy-specific phosphatidylinositol 3-kinase (PtdIns3K) complex I, and the two ubiquitin-like conjugation systems (Figure 2).



	
	
	
	
	
	
	
	
	
	
	
	
	
	
	





	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
			
			
			
			
			
			
		
	


	
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
	

Figure 2: The organisation of the Atg machinery in functional groups. Yeast ATGs are in blue while the mammalians counterparts, which in few cases comprise few paralogues, are in red. The WIPI’s is a protein family which comprises 4 members: WIPI1, WIPI2, WIPI3, and WIPI4 [20]. Three of them have been shown to be involved in autophagy [20–22]. The LC3’s is a protein family that comprise 6 proteins: LC3A, LC3B, LC3C, GABARAPL1, GABARAPL2, and GABARAPL3 [23]. All of them associate with autophagosomes [23, 24]. The yeast Atg1 complex contains two subunits, Atg29 and Atg31, which do not have homologues in high eukaryotes. In contrast, the mammalian complex possesses a component, Atg101, which is not found in yeast.


2.1.1. The Atg1/ULK Complex
Atg1 is a serine/threonine protein kinase that has a key role in autophagy induction [25]. Different proteins associate to form a complex with Atg1. In yeast, this kinase is associated with Atg13, Atg17 and two nonconserved subunits, Atg29 and Atg31, while ULK1 and ULK2, two mammalian redundant Atg1 homologues, associate with mATG13 and FIP200, the counterparts of Atg13 and Atg17, respectively, and the nonconserved component ATG101 (Figure 2) [26–31]. The signaling cascade centered on the serine/threonine kinase mammalian target of rapamycin (mTOR) promotes cell growth and anabolism in presence of nutrients [32]. This pathway inhibits autophagy through direct modulation of the Atg1/ULK complex. In nutrient rich conditions, mTOR is associated with the Atg1/ULK complex via ULK1 or ULK2 and it maintains mATG13 phosphorylated [31, 33–36]. Under nutrient deprivation, mTOR dissociates from this complex provoking a dephosphorylation of ULK1 and ULK2 necessary for the activation of their kinase activity and subsequent phosphorylation of FIP200, mATG13, and ULK1/2 itself [35]. All these modifications are necessary to initiate autophagy.
2.1.2. The PtdIns3K Complex I
This complex is formed by Vps34/hVPS34, Vps15/p115, Atg6/BECLIN1, and Atg14/ATG14L (Figure 2), and it is essential for the generation of PtdIns3P on autophagosomal membranes and for the progression of autophagy [37–39]. The role in autophagy of this lipid, which is found on the surface and interior of autophagosomes [40, 41], remains unclear. Nevertheless, one function is to recruit factors such as Atg18 to the PAS and possibly also to the phagophore. The formation of PtdIns3P depends on the activity of PtdIns3 kinase class III hVPS34, which is present on the surface of various organelles [42]. Atg14 is a subunit of the autophagy-specific PtdIns3K complex both in yeast and in mammals. There are at least two different Vps34-containing complexes in yeast [43], which, in addition to Vps34, Vps15, and Atg6/Vps30, also possess specific subunits: Atg14 and Vps38. These two last components direct the PtdIns3K complexes to specific locations where they generate the PtsIns3P pools essential for autophagy and endosomal trafficking, respectively. A similar situation also appears to be present in mammalian cells, with UVRAG being the homologue of Vps38 [38].
In mammalian cells, the PtdIns3K complex I also controls autophagy induction. When BECLIN1 self-associates or binds to BCL-XL/BCL-2, the lipid kinase activity of hVPS34 is inhibited as BECLIN1 is not part of the complex [37, 44, 45]. Upon nutrient deprivation, the JNK1 signaling pathway phosphorylates BCL-2 leading to its dissociation from BECLIN1, which permits this protein to interact with the PtdIns3K complex I stimulating PtdIns3P synthesis and autophagy induction [45, 46]. In parallel, autophagy positive regulators such as AMBRA1 and BIF-1 promote BECLIN1 association to hVPS34 [47–49].
2.1.3. The Atg9 Cycling System
Atg9 is another protein that is found at an early stage of the PAS formation and it is the only integral membrane protein among the core Atg machinery [50]. It possesses six conserved transmembrane domains with the two cytoplasm-oriented termini, and it is essential for autophagy [51, 52]. Mammalian Atg9 (mATG9) localizes to the trans-Golgi network (TGN) in fed cells and partially to the late endosomes [52]. Upon autophagy induction by starvation, mATG9 relocates to the site where autophagosomes are generated, possibly the PAS and/or phagophores [52, 53]. It has recently been shown, however, that mATG9 positive membranes do interact dynamically with the autophagosomal intermediate rather than becoming integral part of them [53]. Similarly, yeast Atg9 is located at the PAS and in several cytoplasmic structures, which are likely to be directly derived from the Golgi [54–56]. The high mobile cytoplasmic structures are probably 30–60 nm vesicles, while the less mobile appear to be constituted by clusters of vesicles and tubules [56], which have been named Atg9 reservoirs [54] and have also been observed in mammalian cells [53]. As in mammalian cells, yeast Atg9 also cycles between the cytoplasmic pools and the PAS but it seems to arrive at the early stage of the formation of this structure and to be retrieved when an autophagosome is formed [54, 56].
Several factors regulate Atg9 trafficking including the Atg1/ULK and PtdIns3K complexes [52, 57]. Two other core Atg proteins, Atg2 and Atg18, are involved in Atg9 cycling. In particular, they appear to mediate Atg9 retrieval from the PAS [57, 58]. In yeast, Atg2 and Atg18 form a cytoplasmic complex [59]. While the formation of this complex does not require PtdIns3P, the presence of this lipid at the PAS is necessary for its recruitment to this site [59]. This is achieved through the capacity of Atg18 to directly bind PtsIns3P [59]. Mammals possess 4 Atg18 homologues: WD-repeat protein interacting with phosphoinositides 1 (WIPI1), WIPI2, WIPI3, and WIPI4 [20]. Three of them, WIPI1, WIPI2, and WIPI4 have been implicated in autophagy [20–22]. Recently, two mammalian Atg2 homologs, Atg2A and Atg2B, have been identified and both are required for autophagy [58]. Interestingly, human WIPI4 interacts with Atg2A and Atg2B as well as Caenorhabditis elegans EPG-6/WIPI4 with ATG2 [21, 60]. These observations suggest that WIPI4/EPG-6 and yeast Atg18 overlap in their role in autophagy by carrying out the functional interconnections with Atg2 [58].
2.1.4. The Atg12 and Atg8/LC3 Conjugation Systems
The elongation of the phagophores and the completion/sealing of autophagosomes appear to rely on the function of these two ubiquitin-like systems (Figure 2). Atg12, an ubiquitin-like molecule, is covalently conjugated to Atg5 through the activity of Atg7 and Atg10, an E1- and an E2-like enzyme, respectively [23, 61–63]. The Atg12-Atg5 complex subsequently associates with Atg16 forming a large oligomer that localizes to both the PAS and the phagophore via Atg16 [64]. The function of the Atg12-Atg5·Atg16 oligomer in autophagy is unclear, but it seems that it acts as an E3 ligase for the generation of the lipidated form of Atg8/LC3 [65]. Atg8 is a second ubiquitin-like protein participating in autophagy. While yeast has only one copy of Atg8, mammalian cells have 6 homologues and all are involved in autophagy [23, 24, 62]. Atg8 is posttranslationally processed by the specific cysteine protease Atg4, which cleaves its C-terminal amino acids exposing a glycine residue. Through another ubiquitylation-like reaction mediated by Atg7 and the E2-like enzyme Atg3, Atg8 is covalently conjugated to phosphatidylethanolamine (PE). This lipidation promotes Atg8 recruitment and association with autophagosomal membranes [23, 61–63]. In contrast to the rest of the Atg proteins, which are mainly present on the surface of autophagosomes, Atg8 is found inside and outside these vesicles. When an autophagosome is completed, Atg4 cleaves the Atg8-PE pool on the surface releasing Atg8 back in the cytoplasm for reuse. Atg8 has been shown to be essential for autophagosome formation possibly by mediating tethering and fusion of membranes [66, 67]. These data, however, are controversial [68]. What is clear is that the Atg8 population associated with autophagosome inner membrane is essential for the selective sequestration of specific cargoes and together with them it is degraded in the lysosome/vacuole lumen (see above).
In addition to the Atg proteins, additional factors play a crucial role in the autophagosome biogenesis especially in high eukaryotes. Important ones include AMBRA1 [47, 48], DFCP1 [69, 70], and VMP1 [70, 71]. The detailed discussion of the role of these proteins as well as their functional relationship with the different Atg functional groups is not the subject of this review, and they have been extensively presented elsewhere [1–5].
Almost all the Atg proteins are cytosolic and associate to form the PAS by interacting with other Atg components and/or lipids upon autophagy induction [3, 50, 72]. Most of the studies about the PAS have been done in yeast and they have revealed that the core Atg proteins assemble following a hierarchical order and form this autophagosomal precursor [3, 50, 72]. Recent evidences have shown that the PAS and the principles of this ordered recruitment are conserved in mammals [70]. While these works have proposed a model where one Atg protein is at the top of the hierarchical recruitment cascade, studies on the selective elimination of either mitochondria or Salmonella indicate that the Atg proteins can be grouped into clusters, which independently assemble to form the PAS [73–75]. Interestingly, these clusters mirror almost entirely the organization in functional groups of the Atg proteins.
One of the enigmas in the field of autophagy is the origin of the lipid bilayers composing autophagosomes. Several cellular compartments, including the ER, Golgi, endosomes, and the plasma membrane, have been implicated as the possible source of the autophagosomal membranes by a series of recent studies [76–78]. This apparent discrepancy between the different reports could be due to the ability of cells to derive the membranes from the most suitable reservoirs depending on the tissues and conditions triggering autophagy. Thus in a tissue under a specific stress, autophagy would be supplied with membranes from an organelle that could guarantee the delivery of a large amounts of lipids [76–78]. An alternative option would be that the diverse Atg functional clusters that come together to generate the PAS (and the phagophore) are associated to membranes derived from different compartments explaining why endosomes, the plasma membrane, and the Golgi have all been shown to contribute to the formation of the early autophagosomal intermediates [76]. This model would also explain the involvement of proteins mediating membranes fusion such as the SNAREs in the early stages of autophagosome biogenesis [68, 79]. Thus in addition to unveiling the molecular function of each Atg protein, the challenge for the future will be to understand the mechanism underlying the integrated interaction between the different Atg functional groups, which will probably also be key in uncovering the events leading to the assembly of the autophagosomal membranes and possibly identify new mechanisms for the regulation of autophagy.
The major amount of lipids, however, is required for the expansion of the phagophore into an autophagosome. The current idea is that the ER plays a central role in this event because growing phagophores have been observed in close proximity of this organelle [69, 80, 81]. Contact sites between these two compartments have been detected [80, 81] and therefore it has been postulated that transfers could occur by direct lipid translocation from the ER to the nascent autophagosome. It remains to be proven whether this unidirectional passage of lipids between these two organelles indeed exists and how this is achieved.
2.2. The Autophagosome Completion
Autophagosomes are ready to fuse with the lysosome/vacuole once the vesicle membranes are sealed and the Atg machinery is disassembled and released back in the cytoplasm for reuse [72, 82]. Evidence for this latter event has been provided by the observation that Atg8/LC3, an ubiquitin-like protein that is covalently conjugated to autophagosomal membranes through a reversible linkage to phosphatidylethanolamine (PE), is not found on the surface of complete vesicles while it is abundantly detected on phagophores and nascent autophagosomes [83]. Accordingly, failure to release Atg8 form the autophagosome surface by Atg8-PE delipidation leads to an impairment of autophagy [84, 85]. Recently, it has been revealed that the turnover of phosphatidylinositol-3-phosphate (PtdIns3P), a lipid generated at the PAS and involved in the recruitment of Atg proteins to this location, is key in the disassembly of the Atg machinery from the surface of yeast autophagosomes [86]. This event is a requisite for the fusion of these carriers with the vacuole [86] indicating that the cell possesses a regulatory factor to avoid premature and potentially harmful fusion of incomplete double-membrane vesicles with the vacuole/lysosome. It remains to be identified this factor (or factors) that is able to sense the autophagosome completion and thus trigger PtdIns3P turnover, the Atg4-mediated processing of Atg8-PE, and the release of the rest of the Atg machinery.
3. Regulation of Autophagy
Autophagy can be induced by numerous environmental and cellular stresses. As a result several signaling molecules and cascades have been shown to be involved in the modulation of this pathway [4, 8, 87]. Biochemical and pharmacological experiments have highlighted the upstream effector role of Atg1/Ulk1 and PtdIns3K complexes in the transduction of these signals into the initiation of autophagosome biogenesis. Atg9 also appears to participate in the regulation of autophagy [88, 89].
The best-characterized regulator of autophagy is mTOR and as already introduced above it represses this pathway by principally blocking the activity of the Atg1/ULK1 complex through direct phosphorylation [4, 8, 87]. The activity of mTOR is stimulated by a variety of anabolic inputs that include the energy and nutrient status of the cell as well as the presence of amino acids and growth factors. Conversely, mTOR is inhibited when amino acids are scarce, growth factor signaling is reduced and/or ATP concentrations fall, and this results in a derepression of autophagosome biogenesis. The energy-sensing AMP-activated protein kinase (AMPK) and glucose-sensing protein kinase A (PKA) also regulate the Atg1/ULK1 complex by direct phosphorylation [90–92]. The molecular details of these regulations and the cross-talk between them remain to be elucidated.
Numerous molecules including interferon γ (IFNγ), tumor necrosis factor α (TNFα), and vitamin D, but also receptors such the toll-like receptors (TLRs) or the pattern recognition receptors (PPRs) have been shown to regulate autophagy as well [13, 93–95]. It is largely unknown how this is achieved but understanding these signaling mechanisms could have the added value of providing the knowledge essential for the development of either treatments or drugs for autophagy-based therapies to cure of specific diseases [14].
Some of the open questions regarding autophagy regulation have accurately been discussed in a recent compendium [96].
4. Cargo Recognition
In addition to the core Atg machinery, the selective types of autophagy rely on specific cargo-recognizing autophagy receptors that assure the cargo sequestration into autophagosomes. Autophagy receptors are defined as proteins being able to interact directly with both the structure that has to be specifically eliminated by autophagy and the pool of the Atg8/LC3 protein family members present in the internal surface of growing autophagosomes [7, 97]. This latter interaction is in most of the cases mediated through a specific sequence present in the autophagy receptors and commonly referred to as the LC3-interacting region (LIR) motif [98]. It has recently been shown that particular proteins possessing this motif including Atg1/Ulk1 are also directly turned over by autophagy without the necessity of having an autophagy receptor [30].
The autophagy receptors for the selective degradation of several complexes and organelles have been identified but others such as those for the specific turnover of the ER and ribosomes are still elusive [7, 97]. One emerging theme is that structures targeted for destruction are ubiquitinylated and a series of autophagy receptors such as p62/SQSTM1 and NBR1 with an ubiquitin-banding domain and a LIR motif, promote their sequestration into autophagosomes [7, 97, 98]. While these molecules preferentially recognize short ubiquitin chains [99], it is still unclear why they do not bind other cellular components carrying the same types of posttranslational modification. Central in understanding these specific elimination processes will be the identification of the E3 ligases and their eventual adaptors involved in marking the autophagy cargoes with ubiquitin. SMURF1 and STING appear to belong to these two classes of proteins [100, 101]. The investigation of proteins like these will provide information about how the cell senses and regulates the degradation of unwanted structures by autophagy.
Atg30 and Atg32 are two yeast autophagy receptors involved in pexophagy and mitophagy, respectively, which do not use the ubiquitin system to bind the targeted cargo but nevertheless their study has provided insights into possible mechanisms that could also be used by the E3 ligases [102–104]. These proteins are present on the surface of peroxisomes and mitochondria, respectively, and under mitophagy and peroxisome-inducing conditions they get phosphorylated by signaling cascades activated under these conditions [102, 105, 106]. The phosphorylation of Atg30 and Atg32 promotes the association and recruitment of Atg11, which in turn triggers the assembly of the Atg machinery mediating the formation of a double-membrane vesicle around the organelle [102–104]. Atg30 is present in Pichia pastoris but not in Saccharomyces cerevisiae, which uses a different molecule for perxophagy, that is, Atg36 [107]. Atg30 is a soluble protein that becomes phosphorylated when pexophagy is stimulated. This modification leads to its recruitment onto the peroxisome surface and its subsequent biding to Atg11 results in a selective engulfment of peroxisome by autophagosomes [107].
5. Against the Paradigms
5.1. More than a Degradative Pathway
For a long time autophagy has been considered a degradative transport route but recent discoveries have begun to change this view. The yeast cytosol-to-vacuole transport (Cvt) pathway is a biosynthetic selective type of autophagy that delivers a subset of hydrolases into the vacuole [108]. Shortly after synthesis, the proform of these hydrolases assembles into a large cytoplasmic oligomer, which is subsequently sequestered into a double-membrane vesicle that fuses with the vacuole. In the vacuole, the resident proteases cleave the profragment of the hydrolases composing the oligomer leading to both their activation and the disassembly of this structure [108].
For long the transport function of the Cvt pathway has been considered an exception in the field of autophagy. Recently it has been shown that the extracellular delivery of the cytosolic Acyl coenzyme-A-(CoA-) binding protein in the yeast Pichia pastoris and Saccharomyces cerevisiae (ACBP), and the social amoebae Dictyostelium discoideum (AcbA), which occurs under starvation conditions, is not mediated by the secretory pathway [109, 110]. The used unconventional transport route depends on the ATG and the Golgi ReAssembly and Stacking Protein (GRASP/Grh1) [109, 110], suggesting that autophagosomes could be the hallmark of this type of unconventional secretion. This notion is supported by work in yeast S. cerevisiae that has revealed that when this new transport route is triggered by starvation, Grh1 is recruited to membranous structures that are positive for Atg8 and Atg9 [111], and morphologically and molecularly resemble to precursor structures involved in autophagy [54]. Interestingly, the unconventional secretion of cytosolic IL-1β and HMGB1 by macrophages upon their stimulation with either starvation or lipopolysaccharides- (LPS-) treatment also requires the ATG and GRASP55, one of the paralogues of GRASP/Grh1, indicating that this process could be conserved among eukaryotes [112]. Additionally, autophagosomes expel engulfed material, mostly of plasma membrane origin, by fusing with the plasma membrane during the last stages of reticulocytes maturation into erythrocytes (intracellular turnover is not possible because lysosomes are absent in these cells) [113]. Finally, it has been hypothesized that picornaviruses exploit autophagosomes to secrete their newly synthesized virions [114] and while it was assumed that these viruses were somehow hijacking and diverting these carriers, one emerging possibility could be that they take advantage of an existing type of autophagy mediating the extracellular delivery of specific cytosolic components.
Under ER stress conditions that activate the unfolded protein response (UPR), yeast cells expand their ER volume to probably accommodate newly synthesized chaperones and to buffer the accumulation of unfolded proteins under UPR-inducing conditions. This phenomenon is accompanied by the formation and accumulation of autophagosomes that are densely and selectively packed with ER membranes [115]. Very surprisingly, the ER sequestration into autophagosomes and not its degradation is the crucial step allowing the cell to survive under these stress conditions [115]. While it remains totally unknown the fate of these autophagosomes, these data highlight the possibility that in specific situations autophagosomes could be persistent organelles rather than transport carriers, a notion somehow reminiscent with those infections where pathogens subvert autophagy to use autophagosomes as a platform for their intracellular replication [116].
5.2. The Unconventional Types of Autophagy
A completely new research area is the study of those forms of autophagy that do not require all the components of the core Atg machinery, which until recently were believed to be the absolute requirement for the generation of autophagosomes [117, 118]. One of the first reports describing one of these alternative processes of autophagy showed that when cells are subjected to particular stresses such as the treatment with the cytotoxic compound etoposide, they can form autophagosomes out of the Golgi and perform autophagy-mediated protein degradation in an ATG5-, ATG7-, ATG9-, and ATG16-independent way [119]. Nonetheless this pathway still requires ULK1/Atg1, FIP200/Atg17, BECLIN1/Atg6, and hVPS34/Vps34 [119]. BECLIN1, however, has been shown to be dispensable for autophagy in several situations, most of which involved treatment of cells with proapoptotic compounds such as the neurotoxin 1-methyl-4-phenylpyridinium, staurosporine, MK801, resveratrol, and Z18 [120–124]. The autophagy-specific PtdIns3K complex I controls autophagy induction and BECLIN1 can be part of it. When BECLIN1 self-associates or binds to Bcl-XL/Bcl-2, the lipid kinase activity of hVps34 is inhibited as BECLIN1 is not part of this complex [37, 44, 45]. Upon nutrient deprivation, the JNK1 signaling pathway phosphorylates Bcl-2 leading to its dissociation from BECLIN1, which permits this protein to interact with the PtdIns3K complex I stimulating PtdIns3P synthesis and autophagy induction [45, 46]. Because the BECLIN1-independent types of autophagy still entirely or partially require the generation of PtdIns3P [121, 125, 126], one possibility is that PtdIns3K complex I is stimulated in a different way under conditions that trigger this alternative pathway. A lot still need to be understood about the mechanism of these unconventional types of autophagy and future studies will also tell us why the cell utilizes them.
5.3. Nonautophagy-Related Functions of the Atg Proteins
One of the principal assumptions of the field of autophagy has been that the Atg proteins are involved in autophagosome biogenesis exclusively. Studies on the role of autophagy in immunity, especially in the context of specific viral and bacterial infections, have revealed a different picture. There are now several experimental findings showing that individual Atg proteins or Atg functional groups can also be part of other processes.
The ERAD tuning is a transport pathway out of the ER that mediates the rapid turnover of specific ERAD factors in the endosomal system [127–129]. In the ER SEL1L, a single transmembrane protein cargo receptor, binds and sorts these ERAD factors into vesicles called EDEMosomes [130]. The cytoplasmic tail of SEL1L binds to the nonlipidated form of LC3, that is, LC3-I, and as a result the EDEMosomes are LC3-I-positive [128, 130]. This notion of an unconventional use of LC3 by the ERAD tuning, which does not depend on an intact Atg machinery, has been reinforced by the observation that ATG5 and ATG7 are not involved in this pathway [128, 131] and the end product of the two autophagy conjugation systems to which these two proteins belong to, that is, lipidated Atg8/LC3 also known as LC3-II [62], is not present on the EDEMosomes [128]. The molecular function of LC3-I in the ERAD tuning is unclear and one hypothesis is that it acts as an adaptor to a not yet identified vesicle protein coat. Alternatively, the capacity of LC3 to associate with microtubules [132] could permit the EDEMosome to traffic following routes traced by the cytoskeleton. Coronavirus (CoV) cell infection is characterized by the formation of reticulovesicular networks of double-membrane vesicles (DMVs) and convoluted membranes, onto which replication-transcription complexes are associated. Studies with the mouse hepatitis virus (MHV), a CoV, have revealed that the ATG5 and ATG7 gene products are not required for the formation of the virus-induced DMVs and accordingly LC3-II is not present on these structures [131, 133]. In contrast LC3-I decorates the MHV-induced DMVs and the depletion of this protein blocks virus replication [131]. What has been shown is that CoV hijack the ERAD tuning by probably coopting SEL1L because this receptor also localizes to the MHV-induced DMVs and the virus replication is severely impaired when it is depleted [130]. Interestingly, the Equine Arteritis Virus (EAV), a member of the arterivirus virus family that belongs to the Nidoviralesorder like the CoV, is also hijacking the LC3-I-positive membranes of the ERAD tuning to replicate in host cells [134]. Finally and similarly to CoV, LC3-I (but not LC3-II) is associated to and essential for the formation of the intracellular inclusions of the Chlamydia trachomatis [135]. The generation of the C. trachomatis inclusions also does not require an intact Atg machinery [135, 136] but it remains unknown whether this bacterium is subverting the ERAD tuning as well.
Brucella abortus ensures its intracellular survival by forming the Brucella-containing vacuoles (BCVs), which traffic from the endocytic compartment to the ER where this bacterium proliferates [137]. The replication of Brucella in the ER is followed by conversion of the BCVs into compartments with autophagic features that have been named autophagic BCVs (aBCVs) [138]. The aBCVs formation is essential for both the intracellular life cycle and cell-to-cell spreading of Brucella, and requires proteins involved in the induction of autophagosome biogenesis such as ULK1, BECLIN1 and ATG14L, and the PtdIns3K activity [138]. The generation of the aBCVs, however, does not require proteins of the two conjugation systems like ATG5, ATG16L1, ATG4B, ATG7, and LC3B [138]. It remains to be understood whether this microbe is either subverting part of the Atg machinery or exploiting a pathway that uses a subset of the Atg proteins.
A somehow opposite situation is observed in osteoclasts. These cells resorb bone tissue by removing its mineralized matrix and breaking up the organic bone principally composed by collagen [139]. For this resorption, the osteoclasts form specialized plasma membrane protrusions, the ruffled borders, which are opposed to the surface of the bone tissue [139]. The acidification of this bone-osteoclast resorptive microenvironment and the deposit of proteases such as cathepsin K is achieved through the fusion of tissue-specific secretory lysosomes with the plasma membrane. It has been revealed that Atg proteins, which are part of the two conjugation systems including ATG5, ATG7, ATG4B, and LC3, play an important role in the fusion of these secretory lysosomes with the plasma membrane and subsequent formation of the ruffled border [140]. This process very likely does not represent a situation like the ones described above where autophagosomes fuse with the plasma membrane because secretory lysosomes are single membrane vesicles and their cargo is not cytoplasmic. It will be interesting in the future to determine whether ATG belonging to other Atg functional groups are also involved in this type of secretion.
A similar process involving the two Atg conjugation systems in organelle fusion has also recently been characterized in phagocytic cells and termed LC3-associated phagocytosis (LAP). In macrophages and other cell types uptaking apoptotic and necrotic cells, but also yeast or latex beads-conjugated LPS, LC3 is rapidly recruited to phagosomes in a manner that depends on ATG5, ATG7, BECLIN1, and hVPS34 [141–143]. Work in C. elegans on the same process has also implicate Atg18/WIPI [144]. While it is unclear whether BECLIN1 and hVPS34 are recruited as part of the autophagy-specific PtdIns3K complex I, what has been shown is that LAP does not require ULK1 and FIB200 revealing that the Atg1/ULK complex does not participate in this pathway [141, 142]. The translocation of LC3 onto phagosomes during LAP is not due to the fusion of autophagosomes with phagosomes as it has been observed for example during the killing of Mycobacterium [145], indicating a probable direct conjugation of LC3 to the limiting membrane of this latter organelle [142, 143]. Interestingly, LC3 association to phagosomes promotes their fusion with lysosomes leading to a rapid acidification and enhanced killing of the ingested organism [141–143].
Another documented case where it has been shown that cells have the capacity to use a portion of the Atg machinery (as part or not of another pathway) is the IFNγ-mediated antiviral response in macrophages [146]. In particular, it has been shown that the direct antiviral activity of IFNγ against murine norovirus, which involves an inhibition of the formation of the membranous cytoplasmic replication complexes of this virus, depends on the ATG5-ATG12 conjugate, ATG7 and ATG16L1, but not on the induction of autophagy, fusion between autophagosomes and lysosomes, and the degradative activity of lysosomes [146]. In addition, this response does not require the Atg8/LC3-processing protein ATG4B indicating that it uses just one of the two conjugation systems. It remains unclear how Atg5-Atg12 and Atg16L1 are carrying out their antiviral action, but interestingly Atg16L1 is detected on the norovirus replication complexes indicating that these proteins could affect the organization of the membranes harboring them and/or the replication machinery. Few questions still have to be answered in our way to understand the contribution of these Atg proteins in the direct IFNγ-mediated antiviral response. First, it must be determined whether ATG4B is substituted by one or more of its homologues (e.g., ATG4A, ATG4C, and ATG4D) before excluding the participation of the second conjugation system. Second, it will be interesting to analyze whether components of the other Atg functional groups are involved in this response.
6. Conclusion and Perspectives
The study of autophagy has attracted a lot of interest in the past years because of its multiple physiological and pathological implications. While major advances have been achieved in understanding the regulation, the mechanism, and the cellular roles of this versatile transport pathway, the new discoveries have unveiled new interesting aspects and their in-depth exploration will keep researchers busy for the next few decades. With the increasing number of laboratories starting to investigate autophagy in tissues, organisms, and diseases so far unexplored, it is easy to predict that the future will be full of surprises and autophagy will continue to astonish us for some time.
Acknowledgments
F. Reggiori is supported by ECHO (700.59.003), ALW Open Program (821.02.017), and DFG-NWO cooperation (DN82) Grants.
References
	N. Mizushima, T. Yoshimori, and Y. Ohsumi, “The role of Atg proteins in autophagosome formation,” Annual Review of Cell and Developmental Biology, vol. 27, pp. 107–132, 2011.
	H. Nakatogawa, K. Suzuki, Y. Kamada, and Y. Ohsumi, “Dynamics and diversity in autophagy mechanisms: lessons from yeast,” Nature Reviews Molecular Cell Biology, vol. 10, no. 7, pp. 458–467, 2009.
	Z. Xie and D. J. Klionsky, “Autophagosome formation: core machinery and adaptations,” Nature Cell Biology, vol. 9, no. 10, pp. 1102–1109, 2007.
	Z. Yang and D. J. Klionsky, “Mammalian autophagy: core molecular machinery and signaling regulation,” Current Opinion in Cell Biology, vol. 22, no. 2, pp. 124–131, 2010.
	T. Yoshimori and T. Noda, “Toward unraveling membrane biogenesis in mammalian autophagy,” Current Opinion in Cell Biology, vol. 20, no. 4, pp. 401–407, 2008.
	T. E. Hansen and T. Johansen, “Following autophagy step by step,” BMC Biology, vol. 9, article 39, 2011.
	F. Reggiori, M. Komatsu, K. Finley, and A. Simonsen, “Autophagy: more than a nonselective pathway,” International Journal of Cell Biology, vol. 2012, Article ID 219625, 18 pages, 2012.
	C. He and D. J. Klionsky, “Regulation mechanisms and signaling pathways of autophagy,” Annual Review of Genetics, vol. 43, pp. 67–93, 2009.
	R. A. Nixon and D. S. Yang, “Autophagy failure in Alzheimer's disease-locating the primary defect,” Neurobiology of Disease, vol. 43, no. 1, pp. 38–45, 2011.
	B. Levine, “Cell biology: autophagy and cancer,” Nature, vol. 446, no. 7137, pp. 745–747, 2007.
	B. Levine and G. Kroemer, “Autophagy in the pathogenesis of disease,” Cell, vol. 132, no. 1, pp. 27–42, 2008.
	N. Mizushima, B. Levine, A. M. Cuervo, and D. J. Klionsky, “Autophagy fights disease through cellular self-digestion,” Nature, vol. 451, no. 7182, pp. 1069–1075, 2008.
	H. W. Virgin and B. Levine, “Autophagy genes in immunity,” Nature Immunology, vol. 10, no. 5, pp. 461–470, 2009.
	A. Fleming, T. Noda, T. Yoshimori, and D. C. Rubinsztein, “Chemical modulators of autophagy as biological probes and potential therapeutics,” Nature Chemical Biology, vol. 7, no. 1, pp. 9–17, 2011.
	M. García-Arencibia, W. E. Hochfeld, P. P. C. Toh, and D. C. Rubinsztein, “Autophagy, a guardian against neurodegeneration,” Seminars in Cell and Developmental Biology, vol. 21, no. 7, pp. 691–698, 2010.
	P. Grumati, L. Coletto, P. Sabatelli et al., “Autophagy is defective in collagen VI muscular dystrophies, and its reactivation rescues myofiber degeneration,” Nature Medicine, vol. 16, no. 11, pp. 1313–1320, 2010.
	M. T. Rosenfeldt and K. M. Ryan, “The role of autophagy in tumour development and cancer therapy,” Expert Reviews in Molecular Medicine, vol. 11, article e36, 2009.
	D. C. Rubinsztein, J. E. Gestwicki, L. O. Murphy, and D. J. Klionsky, “Potential therapeutic applications of autophagy,” Nature Reviews Drug Discovery, vol. 6, no. 4, pp. 304–312, 2007.
	S. Turcotte and A. J. Giaccia, “Targeting cancer cells through autophagy for anticancer therapy,” Current Opinion in Cell Biology, vol. 22, no. 2, pp. 246–251, 2010.
	H. E. J. Polson, J. de Lartigue, D. J. Rigden et al., “Mammalian Atg18 (WIPI2) localizes to omegasome-anchored phagophores and positively regulates LC3 lipidation,” Autophagy, vol. 6, no. 4, pp. 506–522, 2010.
	Q. Lu, P. Yang, X. Huang et al., “The WD40 repeat PtdIns(3)P-binding protein EPG-6 regulates progression of omegasomes to autophagosomes,” Developmental Cell, vol. 21, no. 2, pp. 343–357, 2011.
	T. Proikas-Cezanne, S. Waddell, A. Gaugel, T. Frickey, A. Lupas, and A. Nordheim, “WIPI-1α (WIPI49), a member of the novel 7-bladed WIPI protein family, is aberrantly expressed in human cancer and is linked to starvation-induced autophagy,” Oncogene, vol. 23, no. 58, pp. 9314–9325, 2004.
	T. Shpilka, H. Weidberg, S. Pietrokovski, and Z. Elazar, “Atg8: an autophagy-related ubiquitin-like protein family,” Genome Biology, vol. 12, no. 7, article 226, 2011.
	Y. Kabeya, N. Mizushima, A. Yamamoto, S. Oshitani-Okamoto, Y. Ohsumi, and T. Yoshimori, “LC3, GABARAP and GATE16 localize to autophagosomal membrane depending on form-II formation,” Journal of Cell Science, vol. 117, no. 13, pp. 2805–2812, 2004.
	A. Matsuura, M. Tsukada, Y. Wada, and Y. Ohsumi, “Apg1p, a novel protein kinase required for the autophagic process in Saccharomyces cerevisiae,” Gene, vol. 192, no. 2, pp. 245–250, 1997.
	T. Funakoshi, A. Matsuura, T. Noda, and Y. Ohsumi, “Analyses of APG13 gene involved in autophagy in yeast, Saccharomyces cerevisiae,” Gene, vol. 192, no. 2, pp. 207–213, 1997.
	Y. Kabeya, T. Kawamata, K. Suzuki, and Y. Ohsumi, “Cis1/Atg31 is required for autophagosome formation in Saccharomyces cerevisiae,” Biochemical and Biophysical Research Communications, vol. 356, no. 2, pp. 405–410, 2007.
	Y. Kamada, T. Funakoshi, T. Shintani, K. Nagano, M. Ohsumi, and Y. Ohsumi, “Tor-mediated induction of autophagy via an Apg1 protein kinase complex,” The Journal of Cell Biology, vol. 150, no. 6, pp. 1507–1513, 2000.
	T. Kawamata, Y. Kamada, K. Suzuki et al., “Characterization of a novel autophagy-specific gene, ATG29,” Biochemical and Biophysical Research Communications, vol. 338, no. 4, pp. 1884–1889, 2005.
	C. Kraft, M. Kijanska, E. Kalie et al., “Binding of the Atg1/ULK1 kinase to the ubiquitin-like protein Atg8 regulates autophagy,” The EMBO Journal, vol. 31, pp. 3691–3703, 2012.
	C. A. Mercer, A. Kaliappan, and P. B. Dennis, “A novel, human Atg13 binding protein, Atg101, interacts with ULK1 and is essential for macroautophagy,” Autophagy, vol. 5, no. 5, pp. 649–662, 2009.
	G. Thomas and M. N. Hall, “TOR signalling and control of cell growth,” Current Opinion in Cell Biology, vol. 9, no. 6, pp. 782–787, 1997.
	E. Y. Chan, “MTORC1 phosphorylates the ULK1-mAtg13-FIP200 autophagy regulatory complex,” Science Signaling, vol. 2, no. 84, article pe51, 2009.
	N. Hosokawa, T. Hara, T. Kaizuka et al., “Nutrient-dependent mTORCl association with the ULK1-Atg13-FIP200 complex required for autophagy,” Molecular Biology of the Cell, vol. 20, no. 7, pp. 1981–1991, 2009.
	C. H. Jung, C. B. Jun, S. H. Ro et al., “ULK-Atg13-FIP200 complexes mediate mTOR signaling to the autophagy machinery,” Molecular Biology of the Cell, vol. 20, no. 7, pp. 1992–2003, 2009.
	N. Mizushima, “The role of the Atg1/ULK1 complex in autophagy regulation,” Current Opinion in Cell Biology, vol. 22, no. 2, pp. 132–139, 2010.
	E. Itakura, C. Kishi, K. Inoue, and N. Mizushima, “Beclin 1 forms two distinct phosphatidylinositol 3-kinase complexes with mammalian Atg14 and UVRAG,” Molecular Biology of the Cell, vol. 19, no. 12, pp. 5360–5372, 2008.
	K. Matsunaga, T. Saitoh, K. Tabata et al., “Two Beclin 1-binding proteins, Atg14L and Rubicon, reciprocally regulate autophagy at different stages,” Nature Cell Biology, vol. 11, no. 4, pp. 385–396, 2009.
	K. Suzuki, T. Kirisako, Y. Kamada, N. Mizushima, T. Noda, and Y. Ohsumi, “The pre-autophagosomal structure organized by concerted functions of APG genes is essential for autophagosome formation,” The EMBO Journal, vol. 20, no. 21, pp. 5971–5981, 2001.
	K. Obara, T. Noda, K. Niimi, and Y. Ohsumi, “Transport of phosphatidylinositol 3-phosphate into the vacuole via autophagic membranes in Saccharomyces cerevisiae,” Genes to Cells, vol. 13, no. 6, pp. 537–547, 2008.
	T. Proikas-Cezanne and H. Robenek, “Freeze-fracture replica immunolabelling reveals human WIPI-1 and WIPI-2 as membrane proteins of autophagosomes,” Journal of Cellular and Molecular Medicine, vol. 15, pp. 2007–2010, 2011.
	C. Burman and N. T. Ktistakis, “Regulation of autophagy by phosphatidylinositol 3-phosphate,” FEBS Letters, vol. 584, no. 7, pp. 1302–1312, 2010.
	S. Kametaka, T. Okano, M. Ohsumi, and Y. Ohsumi, “Apg14p and Apg6/Vps30p form a protein complex essential for autophagy in the yeast, Saccharomyces cerevisiae,” Journal of Biological Chemistry, vol. 273, no. 35, pp. 22284–22291, 1998.
	S. Pattingre, A. Tassa, X. Qu et al., “Bcl-2 antiapoptotic proteins inhibit Beclin 1-dependent autophagy,” Cell, vol. 122, no. 6, pp. 927–939, 2005.
	Y. Wei, S. Sinha, and B. Levine, “Dual role of JNK1-mediated phosphorylation of Bcl-2 in autophagy and apoptosis regulation,” Autophagy, vol. 4, no. 7, pp. 949–951, 2008.
	Y. Wei, S. Pattingre, S. Sinha, M. Bassik, and B. Levine, “JNK1-mediated phosphorylation of Bcl-2 regulates starvation-induced autophagy,” Molecular Cell, vol. 30, no. 6, pp. 678–688, 2008.
	S. Di Bartolomeo, M. Corazzari, F. Nazio et al., “The dynamic interaction of AMBRA1 with the dynein motor complex regulates mammalian autophagy,” The Journal of Cell Biology, vol. 191, no. 1, pp. 155–168, 2010.
	G. M. Fimia, A. Stoykova, A. Romagnoli et al., “Ambra1 regulates autophagy and development of the nervous system,” Nature, vol. 447, no. 7148, pp. 1121–1125, 2007.
	Y. Takahashi, D. Coppola, N. Matsushita et al., “Bif-1 interacts with Beclin 1 through UVRAG and regulates autophagy and tumorigenesis,” Nature Cell Biology, vol. 9, no. 10, pp. 1142–1151, 2007.
	K. Suzuki, Y. Kubota, T. Sekito, and Y. Ohsumi, “Hierarchy of Atg proteins in pre-autophagosomal structure organization,” Genes to Cells, vol. 12, no. 2, pp. 209–218, 2007.
	C. He, H. Song, T. Yorimitsu et al., “Recruitment of Atg9 to the preautophagosomal structure by Atg11 is essential for selective autophagy in budding yeast,” The Journal of Cell Biology, vol. 175, no. 6, pp. 925–935, 2006.
	A. R. J. Young, E. Y. W. Chan, X. W. Hu et al., “Starvation and ULK1-dependent cycling of mammalian Atg9 between the TGN and endosomes,” Journal of Cell Science, vol. 119, no. 18, pp. 3888–3900, 2006.
	A. Orsi, M. Razi, H. C. Dooley et al., “Dynamic and transient interactions of Atg9 with autophagosomes, but not membrane integration, are required for autophagy,” Molecular Biology of the Cell, vol. 23, pp. 1860–1873, 2012.
	M. Mari, J. Griffith, E. Rieter, L. Krishnappa, D. J. Klionsky, and F. Reggiori, “An Atg9-containing compartment that functions in the early steps of autophagosome biogenesis,” The Journal of Cell Biology, vol. 190, no. 6, pp. 1005–1022, 2010.
	Y. Ohashi and S. Munro, “Membrane delivery to the yeast autophagosome from the golgi-endosomal system,” Molecular Biology of the Cell, vol. 21, no. 22, pp. 3998–4008, 2010.
	H. Yamamoto, S. Kakuta, T. M. Watanabe et al., “Atg9 vesicles are an important membrane source during early steps of autophagosome formation,” The Journal of Cell Biology, vol. 198, pp. 219–233, 2012.
	F. Reggiori, K. A. Tucker, P. E. Stromhaug, and D. J. Klionsky, “The Atg1-Atg13 complex regulates Atg9 and Atg23 retrieval transport from the pre-autophagosomal structure,” Developmental Cell, vol. 6, no. 1, pp. 79–90, 2004.
	A. K. Velikkakath, T. Nishimura, E. Oita, N. Ishihara, and N. Mizushima, “Mammalian Atg2 proteins are essential for autophagosome formation and important for regulation of size and distribution of lipid droplets,” Molecular Biology of the Cell, vol. 23, pp. 896–909, 2012.
	K. Obara, T. Sekito, K. Niimi, and Y. Ohsumi, “The Atg18-Atg2 complex is recruited to autophagic membranes via phosphatidylinositol 3-phosphate and exerts an essential function,” Journal of Biological Chemistry, vol. 283, no. 35, pp. 23972–23980, 2008.
	C. Behrends, M. E. Sowa, S. P. Gygi, and J. W. Harper, “Network organization of the human autophagy system,” Nature, vol. 466, no. 7302, pp. 68–76, 2010.
	N. Mizushima, T. Noda, T. Yoshimori et al., “A protein conjugation system essential for autophagy,” Nature, vol. 395, no. 6700, pp. 395–398, 1998.
	T. Shpilka, N. Mizushima, and Z. Elazar, “Ubiquitin-like proteins and autophagy at a glance,” Journal of Cell Science, vol. 125, pp. 2343–2348, 2012.
	I. Tanida, T. Ueno, and E. Kominami, “LC3 conjugation system in mammalian autophagy,” International Journal of Biochemistry and Cell Biology, vol. 36, no. 12, pp. 2503–2518, 2004.
	N. Fujita, T. Itoh, H. Omori, M. Fukuda, T. Noda, and T. Yoshimori, “The Atg16L complex specifies the site of LC3 lipidation for membrane biogenesis in autophagy,” Molecular Biology of the Cell, vol. 19, no. 5, pp. 2092–2100, 2008.
	T. Hanada, N. N. Noda, Y. Satomi et al., “The Atg12-Atg5 conjugate has a novel E3-like activity for protein lipidation in autophagy,” Journal of Biological Chemistry, vol. 282, no. 52, pp. 37298–37302, 2007.
	H. Nakatogawa, Y. Ichimura, and Y. Ohsumi, “Atg8, a ubiquitin-like protein required for autophagosome formation, mediates membrane tethering and hemifusion,” Cell, vol. 130, no. 1, pp. 165–178, 2007.
	H. Weidberg, T. Shpilka, E. Shvets, A. Abada, F. Shimron, and Z. Elazar, “LC3 and GATE-16 N termini mediate membrane fusion processes required for autophagosome biogenesis,” Developmental Cell, vol. 20, no. 4, pp. 444–454, 2011.
	U. Nair, A. Jotwani, J. Geng et al., “SNARE proteins are required for macroautophagy,” Cell, vol. 146, pp. 290–302, 2011.
	E. L. Axe, S. A. Walker, M. Manifava et al., “Autophagosome formation from membrane compartments enriched in phosphatidylinositol 3-phosphate and dynamically connected to the endoplasmic reticulum,” The Journal of Cell Biology, vol. 182, no. 4, pp. 685–701, 2008.
	E. Itakura and N. Mizushima, “Characterization of autophagosome formation site by a hierarchical analysis of mammalian Atg proteins,” Autophagy, vol. 6, no. 6, pp. 764–776, 2010.
	A. Ropolo, D. Grasso, R. Pardo et al., “The pancreatitis-induced vacuole membrane protein 1 triggers autophagy in mammalian cells,” Journal of Biological Chemistry, vol. 282, no. 51, pp. 37124–37133, 2007.
	K. Suzuki and Y. Ohsumi, “Current knowledge of the pre-autophagosomal structure (PAS),” FEBS Letters, vol. 584, no. 7, pp. 1280–1286, 2010.
	E. Itakura, C. Kishi-Itakura, I. Koyama-Honda, and N. Mizushima, “Structures containing Atg9A and the ULK1 complex independently target depolarized mitochondria at initial stages of Parkin-mediated mitophagy,” Journal of Cell Science, vol. 125, pp. 1488–1499, 2012.
	S. Kageyama, H. Omori, T. Saitoh et al., “The LC3 recruitment mechanism is separate from Atg9L1-dependent membrane formation in the autophagic response against Salmonella,” Molecular Biology of the Cell, vol. 22, no. 13, pp. 2290–2300, 2011.
	T. Noda, S. Kageyama, N. Fujita, and T. Yoshimori, “Three-axis model for Atg recruitment in autophagy against Salmonella,” International Journal of Cell Biology, vol. 2012, Article ID 389562, 2012.
	M. Mari, S. A. Tooze, and F. Reggiori, “The puzzling origin of the autophagosomal membrane,” F1000 Biology Reports, vol. 3, article 25, 2011.
	F. Reggiori and S. A. Tooze, “The EmERgence of autophagosomes,” Developmental Cell, vol. 17, no. 6, pp. 747–748, 2009.
	S. A. Tooze and T. Yoshimori, “The origin of the autophagosomal membrane,” Nature Cell Biology, vol. 12, no. 9, pp. 831–835, 2010.
	K. Moreau, B. Ravikumar, M. Renna, C. Puri, and D. C. Rubinsztein, “Autophagosome precursor maturation requires homotypic fusion,” Cell, vol. 146, no. 2, pp. 303–317, 2011.
	M. Hayashi-Nishino, N. Fujita, T. Noda, A. Yamaguchi, T. Yoshimori, and A. Yamamoto, “A subdomain of the endoplasmic reticulum forms a cradle for autophagosome formation,” Nature Cell Biology, vol. 11, no. 12, pp. 1433–1437, 2009.
	P. Ylä-Anttila, H. Vihinen, E. Jokitalo, and E. L. Eskelinen, “3D tomography reveals connections between the phagophore and endoplasmic reticulum,” Autophagy, vol. 5, no. 8, pp. 1180–1185, 2009.
	T. Noda, N. Fujita, and T. Yoshimori, “The late stages of autophagy: how does the end begin?” Cell Death and Differentiation, vol. 16, no. 7, pp. 984–990, 2009.
	T. Kirisako, M. Baba, N. Ishihara et al., “Formation process of autophagosome is traced with Apg8/Aut7p in yeast,” The Journal of Cell Biology, vol. 147, no. 2, pp. 435–446, 1999.
	U. Nair, W. L. Yen, M. Mari et al., “A role for Atg8-PE deconjugation in autophagosome biogenesis,” Autophagy, vol. 8, no. 5, pp. 780–793, 2012.
	H. Nakatogawa, J. Ishii, E. Asai, and Y. Ohsumi, “Atg4 recycles inappropriately lipidated Atg8 to promote autophagosome biogenesis,” Autophagy, vol. 8, pp. 177–186, 2012.
	E. Cebollero, A. van der Vaart, M. Zhao et al., “Phosphatidylinositol-3-phosphate clearance plays a key role in autophagosome completion,” Current Biology, vol. 22, no. 17, pp. 1545–1553, 2012.
	A. J. Meijer and P. Codogno, “Autophagy: regulation and role in disease,” Critical Reviews in Clinical Laboratory Sciences, vol. 46, no. 4, pp. 210–240, 2009.
	H. I. Mack, B. Zheng, J. Asara, and S. M. Thomas, “AMPK-dependent phosphorylation of ULK1 regulates ATG9 localization,” Autophagy, vol. 8, pp. 1197–1214, 2012.
	J. L. Webber and S. A. Tooze, “Coordinated regulation of autophagy by p38alpha MAPK through mAtg9 and p38IP,” The EMBO journal, vol. 29, no. 1, pp. 27–40, 2010.
	J. Kim, M. Kundu, B. Viollet, and K. L. Guan, “AMPK and mTOR regulate autophagy through direct phosphorylation of Ulk1,” Nature Cell Biology, vol. 13, no. 2, pp. 132–141, 2011.
	L. Shang, S. Chen, F. Du, S. Li, L. Zhao, and X. Wang, “Nutrient starvation elicits an acute autophagic response mediated by Ulk1 dephosphorylation and its subsequent dissociation from AMPK,” Proceedings of the National Academy of Sciences of the United States of America, vol. 108, no. 12, pp. 4788–4793, 2011.
	J. S. Stephan, Y. Y. Yeh, V. Ramachandran, S. J. Deminoff, and P. K. Herman, “The Tor and PKA signaling pathways independently target the Atg1/Atg13 protein kinase complex to control autophagy,” Proceedings of the National Academy of Sciences of the United States of America, vol. 106, no. 40, pp. 17049–17054, 2009.
	M. Delgado, S. Singh, S. De Haro et al., “Autophagy and pattern recognition receptors in innate immunity,” Immunological Reviews, vol. 227, no. 1, pp. 189–202, 2009.
	M. A. Delgado and V. Deretic, “Toll-like receptors in control of immunological autophagy,” Cell Death and Differentiation, vol. 16, no. 7, pp. 976–983, 2009.
	S. Wu and J. Sun, “Vitamin D, vitamin D receptor, and macroautophagy in inflammation and infection,” Discovery Medicine, vol. 11, pp. 325–335, 2011.
	Y. Chen and D. J. Klionsky, “The regulation of autophagy—unanswered questions,” Journal of Cell Science, vol. 124, no. 2, pp. 161–170, 2011.
	C. Kraft, M. Peter, and K. Hofmann, “Selective autophagy: ubiquitin-mediated recognition and beyond,” Nature Cell Biology, vol. 12, no. 9, pp. 836–841, 2010.
	T. Johansen and T. Lamark, “Selective autophagy mediated by autophagic adapter proteins,” Autophagy, vol. 7, no. 3, pp. 279–296, 2011.
	P. K. Kim, D. W. Hailey, R. T. Mullen, and J. Lippincott-Schwartz, “Ubiquitin signals autophagic degradation of cytosolic proteins and peroxisomes,” Proceedings of the National Academy of Sciences of the United States of America, vol. 105, no. 52, pp. 20567–20574, 2008.
	A. Orvedahl, R. Sumpter Jr., G. Xiao et al., “Image-based genome-wide siRNA screen identifies selective autophagy factors,” Nature, vol. 480, pp. 113–117, 2011.
	R. O. Watson, P. S. Manzanillo, and J. S. Cox, “Extracellular M. tuberculosis DNA targets bacteria for autophagy by activating the host DNA-sensing pathway,” Cell, vol. 150, pp. 803–815, 2012.
	J. C. Farré, R. Manjithaya, R. D. Mathewson, and S. Subramani, “PpAtg30 tags peroxisomes for turnover by selective autophagy,” Developmental Cell, vol. 14, no. 3, pp. 365–376, 2008.
	T. Kanki, K. Wang, Y. Cao, M. Baba, and D. J. Klionsky, “Atg32 is a mitochondrial protein that confers selectivity during mitophagy,” Developmental Cell, vol. 17, no. 1, pp. 98–109, 2009.
	K. Okamoto, N. Kondo-Okamoto, and Y. Ohsumi, “Mitochondria-anchored receptor Atg32 mediates degradation of mitochondria via selective autophagy,” Developmental Cell, vol. 17, no. 1, pp. 87–97, 2009.
	Y. Aoki, T. Kanki, Y. Hirota et al., “Phosphorylation of serine 114 on Atg32 mediates mitophagy,” Molecular Biology of the Cell, vol. 22, pp. 3206–3217, 2011.
	R. Manjithaya, S. Jain, J. C. Farré, and S. Subramani, “A yeast MAPK cascade regulates pexophagy but not other autophagy pathways,” The Journal of Cell Biology, vol. 189, no. 2, pp. 303–310, 2010.
	A. M. Motley, J. M. Nuttall, and E. H. Hettema, “Pex3-anchored Atg36 tags peroxisomes for degradation in Saccharomyces cerevisiae,” The EMBO Journal, vol. 31, pp. 2852–2868, 2012.
	M. A. Lynch-Day and D. J. Klionsky, “The Cvt pathway as a model for selective autophagy,” FEBS Letters, vol. 584, no. 7, pp. 1359–1366, 2010.
	J. M. Duran, C. Anjard, C. Stefan, W. F. Loomis, and V. Malhotra, “Unconventional secretion of Acb1 is mediated by autophagosomes,” The Journal of Cell Biology, vol. 188, no. 4, pp. 527–536, 2010.
	R. Manjithaya, C. Anjard, W. F. Loomis, and S. Subramani, “Unconventional secretion of Pichia pastoris Acb1 is dependent on GRASP protein, peroxisomal functions, and autophagosome formation,” The Journal of Cell Biology, vol. 188, no. 4, pp. 537–546, 2010.
	C. Bruns, J. M. McCaffery, A. J. Curwin, J. M. Duran, and V. Malhotra, “Biogenesis of a novel compartment for autophagosome-mediated unconventional protein secretion,” The Journal of Cell Biology, vol. 195, pp. 979–992, 2011.
	N. Dupont, S. Jiang, M. Pilli, W. Ornatowski, D. Bhattacharya, and V. Deretic, “Autophagy-based unconventional secretory pathway for extracellular delivery of IL-1B,” The EMBO Journal, vol. 30, pp. 4701–4711, 2011.
	R. E. Griffiths, S. Kupzig, N. Cogan et al., “Maturing reticulocytes internalize plasma membrane in glycophorin A-containing vesicles that fuse with autophagosomes before exocytosis,” Blood, vol. 119, pp. 6296–6306, 2012.
	M. P. Taylor and K. Kirkegaard, “Potential subversion of autophagosomal pathway by picornaviruses,” Autophagy, vol. 4, no. 3, pp. 286–289, 2008.
	S. Bernales, K. L. McDonald, and P. Walter, “Autophagy counterbalances endoplasmic reticulum expansion during the unfolded protein response,” PLoS Biology, vol. 4, no. 12, article e423, 2006.
	V. Deretic and B. Levine, “Autophagy, immunity, and microbial adaptations,” Cell Host and Microbe, vol. 5, no. 6, pp. 527–549, 2009.
	P. Codogno, M. Mehrpour, and T. Proikas-Cezanne, “Canonical and non-canonical autophagy: variations on a common theme of self-eating? Nature reviews,” Molecular Cell Biology, vol. 13, pp. 7–12, 2012.
	T. Proikas-Cezanne and P. Codogno, “Beclin 1 or not Beclin 1,” Autophagy, vol. 7, no. 7, pp. 671–672, 2011.
	Y. Nishida, S. Arakawa, K. Fujitani et al., “Discovery of Atg5/Atg7-independent alternative macroautophagy,” Nature, vol. 461, no. 7264, pp. 654–658, 2009.
	Y. Grishchuk, V. Ginet, A. C. Truttmann, P. G. Clarke, and J. Puyal, “Beclin 1-independent autophagy contributes to apoptosis in cortical neurons,” Autophagy, vol. 7, pp. 1115–1131, 2011.
	M. Mauthe, A. Jacob, S. Freiberger et al., “Resveratrol-mediated autophagy requires WIPI-1-regulated LC3 lipidation in the absence of induced phagophore formation,” Autophagy, vol. 7, pp. 1448–1461, 2011.
	F. Scarlatti, R. Maffei, I. Beau, P. Codogno, and R. Ghidoni, “Role of non-canonical Beclin 1-independent autophagy in cell death induced by resveratrol in human breast cancer cells,” Cell Death and Differentiation, vol. 15, no. 8, pp. 1318–1329, 2008.
	S. Tian, J. Lin, J. Zhou et al., “Beclin 1-independent autophagy induced by a Bcl-XL/Bcl-2 targeting compound, Z18,” Autophagy, vol. 6, no. 8, pp. 1032–1041, 2010.
	J. H. Zhu, C. Horbinski, F. Guo, S. Watkins, Y. Uchiyama, and C. T. Chu, “Regulation of autophagy by extracellular signal-regulated protein kinases during 1-methyl-4-phenylpyridinium-induced cell death,” American Journal of Pathology, vol. 170, no. 1, pp. 75–86, 2007.
	P. Gao, C. Bauvy, S. Souquère et al., “The Bcl-2 homology domain 3 mimetic gossypol induces both beclin 1-dependent and beclin 1-independent cytoprotective autophagy in cancer cells,” Journal of Biological Chemistry, vol. 285, no. 33, pp. 25570–25581, 2010.
	D. M. Smith, S. Patel, F. Raffoul, E. Haller, G. B. Mills, and M. Nanjundan, “Arsenic trioxide induces a beclin-1-independent autophagic pathway via modulation of SnoN/SkiL expression in ovarian carcinoma cells,” Cell Death and Differentiation, vol. 17, no. 12, pp. 1867–1881, 2010.
	R. Bernasconi and M. Molinari, “ERAD and ERAD tuning: disposal of cargo and of ERAD regulators from the mammalian ER,” Current Opinion in Cell Biology, vol. 23, no. 2, pp. 176–183, 2011.
	T. Calì, C. Galli, S. Olivari, and M. Molinari, “Segregation and rapid turnover of EDEM1 by an autophagy-like mechanism modulates standard ERAD and folding activities,” Biochemical and Biophysical Research Communications, vol. 371, no. 3, pp. 405–410, 2008.
	T. Calì, O. Vanoni, and M. Molinari, “The endoplasmic reticulum crossroads for newly synthesized polypeptide chains,” Progress in Molecular Biology and Translational Science, vol. 83, pp. 135–179, 2008.
	R. Bernasconi, C. Galli, J. Noack et al., “Role of the SEL1L:LC3-I complex as an ERAD tuning receptor in the mammalian ER,” Molecular Cell, vol. 46, pp. 809–819, 2012.
	F. Reggiori, I. Monastyrska, M. H. Verheije et al., “Coronaviruses hijack the LC3-I-positive EDEMosomes, ER-derived vesicles exporting short-lived ERAD regulators, for replication,” Cell Host and Microbe, vol. 7, no. 6, pp. 500–508, 2010.
	I. Monastyrska, E. Rieter, D. J. Klionsky, and F. Reggiori, “Multiple roles of the cytoskeleton in autophagy,” Biological Reviews, vol. 84, no. 3, pp. 431–448, 2009.
	Z. Zhao, L. B. Thackray, B. C. Miller et al., “Coronavirus replication does not require the autophagy gene ATG5,” Autophagy, vol. 3, no. 6, pp. 581–585, 2007.
	I. Monastyrska, M. Ulasli, P. J. Rottier, J. L. Guan, F. Reggiori, and C. A. de Haan, “An autophagy-independent role for LC3 in equine arteritis virus replication,” Autophagy. In press
	H. M. Al-Younes, M. A. Al-Zeer, H. Khalil et al., “Autophagy-independent function of MAP-LC3 during intracellular propagation of Chlamydia trachomatis,” Autophagy, vol. 7, no. 8, pp. 814–828, 2011.
	N. Pachikara, H. Zhang, Z. Pan, S. Jin, and H. Fan, “Productive Chlamydia trachomatis lymphogranuloma venereum 434 infection in cells with augmented or inactivated autophagic activities,” FEMS Microbiology Letters, vol. 292, no. 2, pp. 240–249, 2009.
	J. Celli, “Surviving inside a macrophage: the many ways of Brucella,” Research in Microbiology, vol. 157, no. 2, pp. 93–98, 2006.
	T. Starr, R. Child, T. D. Wehrly et al., “Selective subversion of autophagy complexes facilitates completion of the Brucella intracellular cycle,” Cell Host and Microbe, vol. 11, pp. 33–45, 2012.
	F. P. Coxon and A. Taylor, “Vesicular trafficking in osteoclasts,” Seminars in Cell and Developmental Biology, vol. 19, no. 5, pp. 424–433, 2008.
	C. J. DeSelm, B. C. Miller, W. Zou et al., “Autophagy proteins regulate the secretory component of osteoclastic bone resorption,” Developmental Cell, vol. 21, pp. 966–974, 2011.
	O. Florey, S. E. Kim, C. P. Sandoval, C. M. Haynes, and M. Overholtzer, “Autophagy machinery mediates macroendocytic processing and entotic cell death by targeting single membranes,” Nature Cell Biology, vol. 13, pp. 1335–1343, 2011.
	J. Martinez, J. Almendinger, A. Oberst et al., “Microtubule-associated protein 1 light chain 3 alpha (LC3)-associated phagocytosis is required for the efficient clearance of dead cells,” Proceedings of the National Academy of Sciences of the United States of America, vol. 108, pp. 17396–17401, 2011.
	M. A. Sanjuan, C. P. Dillon, S. W. G. Tait et al., “Toll-like receptor signalling in macrophages links the autophagy pathway to phagocytosis,” Nature, vol. 450, no. 7173, pp. 1253–1257, 2007.
	W. Li, W. Zou, Y. Yang et al., “Autophagy genes function sequentially to promote apoptotic cell corpse degradation in the engulfing cell,” The Journal of Cell Biology, vol. 197, pp. 27–35, 2012.
	M. Ponpuak, A. S. Davis, E. A. Roberts et al., “Delivery of cytosolic components by autophagic adaptor protein p62 endows autophagosomes with unique antimicrobial properties,” Immunity, vol. 32, no. 3, pp. 329–341, 2010.
	S. Hwang, N. S. Maloney, M. W. Bruinsma et al., “Nondegradative role of Atg5-Atg12/ Atg16L1 autophagy protein complex in antiviral activity of interferon gamma,” Cell Host and Microbe, vol. 11, pp. 397–409, 2012.


OEBPS/page-template.xpgt
 

   


     
	 
    

     
	 
    


     
	 
    


     
         
             
             
             
        
    

  





OEBPS/pageMap.xml
 
                                 
                                



OEBPS/Fonts/xits-italic.otf


OEBPS/Fonts/xits-bolditalic.otf


OEBPS/Fonts/xits-regular.otf


OEBPS/Fonts/xits-math.otf


