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Abstract

:

The selective targeting and disposal of solid protein aggregates are essential for cells to maintain protein homoeostasis. Autophagy receptors including p62, NBR1, Cue5/TOLLIP (CUET), and Tax1-binding protein 1 (TAX1BP1) proteins function in selective autophagy by targeting ubiquitinated aggregates through ubiquitin-binding domains. Here, we summarize previous beliefs and recent findings on selective receptors in aggregate autophagy. Since there are many reviews on selective autophagy receptors, we focus on their oligomerization, which enables receptors to function as pathway determinants and promotes phase separation.
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1. Introduction


Protein misfolding and the subsequent aggregation caused by various stressors can be cytotoxic to cells and may lead to cell death. To maintain cellular homeostasis, organisms use various protein quality-control pathways to either repair misfolded proteins or target them for degradation if misfolding or aggregation persists [1,2]. In general, protein substrates with different statuses, soluble or aggregated, are targeted and degraded by proteasome and autophagy pathways, respectively [3]. Soluble substrates are mainly degraded through the proteasome pathway; tightly folded protein aggregates, however, are unable to traverse the narrow opening of the proteasome and are thus resistant to proteasomal degradation and may accumulate in cells as ubiquitinated species [4,5]. For clearance, aggregation-prone substrates are typically linked to the autophagosome and then degraded in lysosomes through the selective autophagy pathway. Although targeted differently, soluble and aggregated substrates are both modified with polyubiquitin chains, which were initially thought to form only on proteasomal substrates [6,7,8]. This common modification of different substrates generates a puzzle regarding how this degradation decision is made, especially considering that both pathways utilize ubiquitin-binding proteins as substrate receptors. For example, yeast proteasome receptors Dsk2 and Rad23 bind to soluble polyubiquitinated proteins while autophagy receptors such as p62 or TOLLIP (in humans) and Cue5 (in yeast) recognize ubiquitinated aggregates [9,10,11,12,13,14,15,16].



In yeast, Dsk2 plays a key role as a receptor in the ubiquitin-proteasome system (UPS) by binding to soluble substrates via a ubiquitin-binding UBA domain and targeting them to proteasome via a ubiquitin-like (UBL) domain. In contrast, autophagy receptor Cue5 harbors a different ubiquitin-binding domain, a CUE domain, and a binding motif for Atg8 (Atg8-interacting motif, AIM; in humans, this is called the LC3-binding motif, LIR), a ubiquitin-like protein conjugated to autophagosomal membranes. Dsk2 and Cue5 transport soluble and insoluble substrates to the proteasome and autophagosome respectively through UBL or AIM modules, which target cargo-bound receptors to the proteasome or autophagosome. However, substrates for p62 are not fundamentally different from those of the UPS in mammalian cells. P62 binds to ubiquitinated proteins by its UBA domain and delivers substrates to the lysosomes for degradation. In addition, p62 can transport ubiquitinated proteins to the proteasome for degradation [17], which raises the question of how receptors recognize substrates with different statuses. Several theories were proposed to explain the selectivity of ubiquitinated substrates by diverse receptors. It was suggested that soluble and aggregated proteins are modified with different ubiquitin chain types; for example, soluble substrates were speculated to be conjugated with Lys48-linked polyubiquitin chains and aggregates tagged with Lys63-linked chains [18,19,20,21,22]. However, autophagy receptors show no obvious preference for binding to Lys63-linked polyubiquitin chains over Lys48-linked chains. OPTN with Lys48-linked poly-Ub chains is predominantly targeted for autophagy-dependent degradation [23]. Thus, the real determinants of the two degradation pathways need to be clarified [9,10,11,12,13,14,15].



Autophagy is a species-conserved pathway for the degradation of cytoplasmic materials in lysosomes (called vacuoles in yeast) and the recycling of nutrients. Autophagy was first characterized as a bulk degradation pathway under starvation conditions [24,25]. However, recent findings made it clear that autophagy also selectively targets intracellular cargoes such as protein aggregates, damaged mitochondria, excess peroxisomes and ribosomes and invading pathogens [6,26]. Many studies show that selective autophagy plays an important role in cellular homeostasis, and abnormalities in autophagy can cause neurodegenerative diseases, cancers and immune dysfunction. Here, we focus on the selective autophagy degradation of protein aggregates mediated by receptors. Furthermore, we describe key features for these receptors to function in discriminating cargo aggregates from soluble proteins.




2. A Brief History of Selective Autophagy


In 1973, Bolender and Weibel discovered that the smooth endoplasmic reticulum could be specifically degraded by autophagy [27]. Ten years later, in 1983, Veenhuis and Dunn first reported selective peroxisomal autophagy (pexophagy) in Hansenula [28]. In 1985, Dice et al. found that lysosomes can selectively degrade soluble proteins and ribonucleases, namely, chaperone-mediated autophagy (CMA) [29]. Later, in 1987, Mortimore et al. reported that autophagy selectively degraded ribosomes in hepatocytes [30]. In 2004, mitophagy was proposed by Lemasters et al. [31]. Yoshimori and colleagues found that Streptococcus A in the cytoplasm is immediately captured by autophagic vesicles and eventually fuses with lysosomes for destruction [32]. Meanwhile, Deretic demonstrated that autophagy is involved in the intrinsic immunity of host cells to a variety of pathogens [33]. Currently, there is considerable evidence to support the notion that the process is also highly specific.



In selective autophagy, an important role is played by autophagy receptors such as p62 and NBR1. The discovery of selective autophagy receptors was a breakthrough in the autophagy field, providing the necessary mechanistic underpinning of the formation of an autophagosome selectively around the cytosolic cargo. ATG11 (cvt9) was the first protein found to be essential for selective autophagy. It is responsible for the vesicular transport of α-aminopeptidase and peroxisomes through the Cvt pathway. In 2010, Ohsumi’s group identified the second Cvt cargo receptor, Atg34, which is required for the efficient trafficking of Ams1 to vacuoles [34]. However, it is the protein aggregation pathway that really sheds light on the selective autophagy machinery in mammalian cells [35]. In 1996, Vadlamudi discovered that the p62 protein binds to ubiquitinated proteins [36]. Approximately 10 years later, Johansen found that p62 binds to LC3, assembles into autophagosomes, and eventually degrades along with ubiquitinated proteins in autophagic lysosomes [10]. The recognition of the first autophagy receptors in yeasts and mammals greatly facilitated the search for autophagic receptors. In 2009, several groups working together identified NBR1 as a ubiquitin- and LC3/GABARAP-binding protein, and a major aggrephagy factor [11]. The realization that the mammalian genome encodes a number of proteins interacting with both LC3/GABARAP and the cargo further strengthened the hypothesis of selective autophagy machinery.




3. Autophagosome Formation and Atg8/LC3 Scaffolds as Platforms for Receptor Cargo Recruitment


Autophagy is a very evolutionarily conserved pathway for the lysosomal degradation of long-lived proteins, large aggregates, and whole organelles (Figure 1). Autophagy in yeast is usually maintained at a very low background level under rich medium culture conditions and it is dramatically induced under starvation or rapamycin treatment. In mammalian cells, changes in autophagy levels can be cell type- and context-specific, although in most cases, autophagy is constitutively activated [37,38,39,40,41].



The autophagy process begins with the formation of a double-membrane vesicle called an autophagosome (0.5–1.5 μm), to which Atg8 (LC3 in mammalian cells) is conjugated to engulf cytosolic cargoes. In yeast, autophagosomes grow from a single spot called the phagophore assembly site (PAS), also known as preautophagosomal structure, where the steps of initiation, nucleation, elongation and closure inside a cup-shaped double-layer membrane to produce the phagophore successively occur. Yeast genetic screens led to the identification of 40 autophagy-related (ATG) genes that have various roles in the different steps of autophagosome formation [42,43,44]. The initiation of autophagy is regulated by the Atg1/Atg13/Atg17 kinase complex, which is inhibited by the target of rapamycin (TOR) kinase under rich medium culture conditions. In the next step, phagophore nucleation at the PAS is controlled by a lipid kinase complex containing Vps34 and regulatory subunits Atg14, Atg6/Vps30, and Vps15. The subsequent elongation step is controlled by Atg9, the only transmembrane protein in the autophagy pathway that provides a lipid membrane for the expanding phagophore by shuttling between various vesicle compartments and PAS depending on Atg1 and Vps34. Recently, Atg9 was found as a lipid scramblase to promote the translocation of phospholipids from the cytoplasmic to the luminal leaflet of liposomes/autophagosomes, thus driving the enlargement of autophagosome membranes [45]. In addition to Atg9, two highly conserved ubiquitin-like protein (Atg12 and Atg8) conjugation systems, Atg12-Atg5 and Atg8-phosphatidylethanolamine (PE), also contribute to expansion and closure of phagophore/isolation membrane [46,47,48,49,50]. Atg8-PE in the outer leaflet of the vesicle lipid bilayer leads to the hemifusion of the two separate membranes, which is realized by tethering together the outer leaflets of two lipid vesicles [46,51]. Eventually, Atg8-PE promotes autophagosome membrane expansion. Furthermore, the Atg8-PE has also been found to be important for the closure of isolation membranes to form sealed autophagosomes, indicating that Atg8-PE may possess membrane fission function in addition to its role in membrane fusion [46,51]. However, studies also showed that autophagosomes can correctly seal in the absence of Atg8-PE, which does not support the role of Atg8-PE in the closure of autophagosomal membranes [52,53,54]. Recently, several studies have shown that the endosomal sorting complexes required for transport (ESCRT) machinery plays a pivotal role in the closure of autophagosomal membranes [55,56,57,58]. Using the HaloTag-LC3 autophagosome completion assays, Takahashi et al. found that ESCRT-III component CHMP2A traffics to the phagophore and promotes the separation of the inner and outer autophagosomal membranes, which eventually leads to the formation of sealed autophagosomes [59]. Furthermore, Zhen et al. found that ESCRT-III machinery-mediated phagophore closure is pivotal for selective mitophagy [60].



Ubiquitin (Ub) is a small protein containing 76 amino acids and is highly conserved from yeast to humans. It is tightly folded to form a globular structure comprising a five-stranded beta-sheet wrapped around a central helix. Ubiquitin is first synthesized as a precursor protein. Subsequent proteolytic cleavage exposes its active C-terminal glycine, which allows for ubiquitin to be conjugated to a lysine (or N-terminal methionine) in the substrate protein or in the first ubiquitin moiety. A cascade of catalytic enzymes involving activating (E1), conjugating (E2) and ligating (E3) enzymes generate ubiquitin conjugates containing either multiple mono-Ub or poly-Ub chains (mostly Lys48, Lys63, or linear) [61,62,63]. Diverse types of Ub modifications confer diverse functions, such as the regulation of cytoplasmic membrane receptor endocytosis, targeting the proteins for degradation or a role in signaling complex assembly [64,65,66,67,68]. Proteins containing Ub-binding domains (UBDs) could act as ubiquitin receptors through noncovalent interactions with Ub. Ub conjugates can be reversed by a large class of deubiquitinating proteases (DUBs) that cleave ubiquitin moieties from their substrate. Atg12 was the first ubiquitin-like protein (UBL) to be identified in the autophagy pathway [69]. In contrast to Ub, it is synthesized as a C-terminal glycine-exposed form. Autophagy core protein Atg7 (E1) directly transfers Atg12 onto Atg10 (E2) in a cascade manner. Atg12 is lastly conjugated to Atg5. The Atg12-Atg5 conjugate then recruits factors important for phagophore elongation and closure. The Atg12-Atg5 conjugate works in conjunction with dimerized coiled-coil protein Atg16, which promotes the association of this conjugate with PAS and phagophore elongation. The main role of the Atg12-Atg5-Atg16 complex is to function as E3 for Atg8-PE conjugation. Atg8, another UBL that functions in autophagy, similar to Ub, is synthesized as a precursor and is cleaved by cysteine protease Atg4. The mature form of Atg8 with an exposed C-terminal glycine is activated by and conjugated to Atg7 (E1), transferred to Atg3 (E2) and lastly conjugated to PE lipids incorporated into the phagophore with the help of an Atg12-Atg5 conjugate. Conjugation of Atg8 to phagophores is essential for its expansion and is important for its function as a platform for the recruitment of its cargo, which is mediated by autophagy receptors [70,71,72,73].




4. Autophagy Receptors for the Degradation of Protein Aggregates


On the basis of the nature of the cargoes, several types of selective autophagy were found: aggrephagy (clearance of protein aggregates), mitophagy (clearance of damaged mitochondria), ribophagy (clearance of excessive ribosomes), xenophagy (clearance of invading pathogens), pexophagy (clearance of peroxisomes), reticulophagy (clearance of the endoplasmic reticulum), nucleophagy (clearance of the nuclear envelope), and lipophagy (clearance of the liposomes) [9,10,11,12,13,14,15]. Autophagy receptors play critical roles in the recognition, recruitment and selective autophagic substrate transport of the substrates. However, different autophagy receptors contain different functional domains that determine their different functions. Here, we mainly focused on autophagy receptor function during aggrephagy (Figure 2).



As a signal for destruction, Ub tags both soluble substrates for the proteasome and insoluble aggregates for autophagy degradation. Known aggrephagy receptors include p62, NBR1 (neighbor of BRCA1), OPTN (optineurin), the CUET family (Cue5 in yeast and Tollip in humans) and Tax1-binding protein 1 (TAX1BP1) [11,12,74,75,76,77,78,79,80,81,82]. These receptors all harbor both Ub-binding domains for cargo targeting and Atg8 interacting motif/LC3-interacting regions (AIMs or LIRs, with the conserved sequence W/F/YxxL/I/V) for autophagosome recruitment.



p62, previously known as an adaptor protein for PKC, MEK5 and NF-κB signaling [83,84], is the first and best-characterized autophagy receptor for the clearance of aggregates. p62 has a classical modular structure as an autophagy receptor: a C-terminal Ub-binding UBA domain, an LIR for LC3 binding and an N-terminal PB1 domain that could confer association with itself or other proteins. The interaction of p62 with the Ub moiety is essential for its receptor function. In autophagy-deficient cells, p62 accumulates in Ub-positive aggregate sites and p62 is a protein marker for cellular inclusion bodies within cells from patients with various forms of neurodegenerative diseases [85]. The UBA domain of p62 binds to several kinds of ubiquitin conjugates with little preference for Lys63-polyUb chains. The affinity of UBA for Ub is regulated by UBA phosphorylation [86].



NBR1 was first identified as a signal transduction adaptor. Its domain arrangements are very similar to those of p62: both have an N-terminal PB1 (Phox and Bem1p) domain, middle LIRs and a C-terminal UBA domain [11] (Figure 2). However, NBR1 is much larger than p62. Similar to p62, NBR1 binds to ubiquitin and LC3 and mediates the autophagic degradation of ubiquitinated substrates. Genetic analysis showed that NBR1 is an ancestral protein with homologs throughout all kinds of eukaryotic species; in contrast, p62 is mostly confined to metazoans. In knockdown and overexpression experiments, NBR1 was a major autophagy receptor for aggrephagy and pexophagy [11].



Optineurin is a cytosolic protein encoded by the OPTN gene, and OPTN functions in signal transduction, membrane-vesicle trafficking, cell division and cytokine secretion [87,88,89]. OPTN mutations are linked to glaucoma and neurodegenerative amyotrophic lateral sclerosis (ALS), and are frequently detected in pathological protein inclusions. The OPTN protein possesses LIR, C-terminal UBAN, and UBZ domains, and several coil–coil domains mediating its oligomerization. With its C-terminal UBAN and UBZ domains, OPTN binds to misfolded proteins and aggregates in both Ub-dependent and -independent manners for autophagy clearance. In addition to its function in aggrephagy, OPTN could also promote the autophagy clearance of Salmonella, which is regulated by phosphorylation catalyzed by TBK1 [77,88].



The CUET family includes yeast Cue5 and human Tollip, which are conserved from yeast to humans. Although p62 functions as an autophagic receptor in aggrephagy in humans, its homolog in yeast has not been found. Considering the conservation of the autophagy pathway from yeast to humans, a conserved aggrephagy receptor family from yeast to humans probably exists. Indeed, Cue5 was the first aggrephagy receptor in yeast, harboring a ubiquitin-binding CUE domain. Human CUE domain protein Tollip is functionally similar to yeast Cue5, indicating that the CUET family proteins represent a new and conserved class of autophagy receptors. Both Cue5 in yeast and Tollip in human cells mediate the efficient clearance of aggregation-prone polyQ proteins derived from human HTT/huntingtin [12]. Tollip is potentially more potent in polyQ clearance than p62 in HeLa cells is, suggesting that Tollip, also implicated in innate immunity, may be significant for human health and disease through its function as an aggrephagy receptor [80].



TAX1BP1 is an autophagy receptor protein that clears aggregates [82] and mitochondria [90], and was first characterized in the context of ubiquitin-driven xenophagy [91]. In addition, TAX1BP1 is highly conserved, and plays many essential functions in human cells, including the negative regulation of the inflammatory and antimicrobial responses mediated by NF-κB and IRF3 signaling, the inhibition of apoptosis, and transcriptional coactivation [92]. TAX1BP1 is highly and specifically expressed in the brain, and TAX1BP1 mediates clearance of a broad range of cytotoxic proteins, indicating its therapeutic potential in neurodegenerative diseases [82]. TAX1BP1 is a member of the CALCOCO gene family and contains a SKICH domain, a canonical LC3-interacting region (LIR), and coiled-coil domains while differing in its primary sequence and in the conservation of its C-terminal zinc finger (ZF) domains across various species [91]. The N-terminal SKICH domain mediates constitutive membrane association with a poorly defined function [93,94]. The two zinc fingers, localized in its C-terminus, function as novel ubiquitin-binding domains (UBZ, ubiquitin-binding zinc finger) that can bind to ubiquitin and TRAF6 with Lys63-linked chains [95,96]. The central part is three coiled-coil regions and is predicted to mediate oligomerization [97].



In brief, the proposed role of these receptors in aggrephagy is to bridge LC3/GABARAP family members with ubiquitinated substrates (Figure 1).




5. Pivotal Role of Oligomerization in Autophagy Receptor Function


Since the discovery of the ubiquitin–proteasome system, it has been well established that proteasomal degradation is mainly responsible for eliminating abnormal cellular proteins, especially misfolded proteins, under stress conditions such as heat shock. Misfolded proteins are recognized and bound by ubiquitin ligases and then modified by polyubiquitin chains, which become targeting signals for ubiquitin receptors to escort substrates to the proteasome for degradation. However, the discovery of autophagy receptors suggests that the autophagy pathway both functions under starvation conditions and eliminates protein aggregates modified with ubiquitin. Currently, it is clear that the proteasome and autophagy are both protein quality-control pathways that enable cells to maintain homeostasis [12,81]. As both pathways rely on the recognition of ubiquitin moieties attached to substrates by their respective receptors, how the pathway choice is made is a puzzling question.



After the discovery of different types of ubiquitin modifications, including monoubiquitin and polyubiquitin chains with different topologies, it was proposed that different types of ubiquitin modifications determine the different fates of the conjugates, i.e., proteasome or autophagy degradation. For example, some studies showed that ubiquitin-binding autophagy receptors prefer Lys63-linked polyubiquitin chains over Lys48-linked chains [9,10,11,12,13,14,15]. A prevailing view in the protein quality control field indicates that proteasome degradation and autophagy-dependent degradation pathways are independent, and that the degradation choice is made at the ubiquitin modification level. However, all types of Ub chains in autophagy-deficient cells accumulate, suggesting that autophagy has little selectivity for substrates with different types of ubiquitin chains. This is further supported by the observation that the autophagy pathway is still fully operational for the clearance of insoluble ubiquitinated substrates in cells deficient in the formation of different polyubiquitin chains [81]. Second, known autophagy receptors, such as p62 and NBR1, show little preference for binding to Lys63-linked ubiquitin chains, even though some studies showed no differences in their binding to different types of ubiquitin chains. The recently identified CUET family (Cue5 in yeast and Tollip in humans), a conserved receptor family for selective autophagy, has no selectivity for ubiquitin chain types. Third, misfolded proteins eliminated by the proteasome and by selective autophagy are modified by the same ubiquitination enzymes. Furthermore, the finding that Tollip functions as an autophagy receptor in addition to its roles in ubiquitin-dependent endocytosis and innate immunity signaling exemplifies the complexity of protein destruction networks and indicates that the fate of a protein is not solely determined at the ubiquitin-modification level [12,98,99]. Combining all of these previous studies, the hypothesis that the degradation choice for proteasome and autophagy pathways is made at the level of ubiquitin-binding adaptors comes to the forefront.



Therefore, the question is: what is the decision-maker? Proteolytic pathways, the proteasome and autophagy, coexist in yeast. Saccharomyces cerevisiae was used as a genetically tractable model organism that was combined with biochemical assays and synthetic biological approaches to uncover the decision-maker for the degradation-pathway choice. The answer was clarified by showing that proteasome-ubiquitin receptor Dsk2 and autophagy-ubiquitin receptor Cue5 have different properties. Both pathway receptors bind to polyubiquitin chains without discriminating between chain topologies. Proteasome pathway receptor Dsk2 has a higher affinity for ubiquitin moieties than autophagy receptor Cue5 does. In vivo evidence showed that Cue5 readily binds ubiquitinated substrates when Dsk2 is absent, but it is completely blocked from binding in the presence of Dsk2 overexpression. Further direct in vitro competition experiments showed that Dsk2 could readily stop Cue5 from ubiquitin binding; however, Cue5 could only weakly hinder Dsk2 from ubiquitin binding. Proteasome pathway receptor Dsk2 acts as a solitary protein, whereas autophagy receptor Cue5 forms oligomers and is present at higher levels [81].



To unequivocally define the essential features of a functional autophagy receptor and to reject previous models, synthetic receptors were designed. Interestingly, Cue5 oligomerization is mediated by its CUE domain, a characteristic property found in a class of CUE domain-containing proteins, such as Vps9, in endocytosis. For Vps9, CUE domain-mediated dimerization promotes ubiquitin interactions [100]. Similarly, residues in Cue5′s CUE domain are required for ubiquitin-binding and its self-interaction (oligomerization). Cue5 but not Dsk2 can assemble into higher-ordered oligomers in other autophagy-ubiquitin receptors, such as p62 and NBR1.



To unravel whether oligomerization is a general necessity for autophagy-receptor functionality, a whole set of artificially constructed receptors using a synthetic biology approach were tested for their capability as autophagy receptors [81]. Most remarkably, a synthetic receptor based on GFP harboring an 8-amino acid domain that binds to autophagy protein Atg8, further amended with a ubiquitin-binding domain and an artificial oligomerization domain, was found to function like natural autophagy receptor Cue5 in yeast [81]. However, its monomeric equivalent could specifically mediate the clearance of aggregated ubiquitin conjugates.



The different ubiquitin-binding affinities and oligomerization features of receptors make substrate selection spontaneous, and later events depend on the status of the substrate. This is an economical method for cells to discriminate different substrates without involving additional ubiquitination enzymes for different substrates. The shared upstream enzymes also indicate that the ubiquitination of aggregates probably begins when the protein is still soluble or slightly misfolded. It is not clear whether more ubiquitin modifications continue after protein aggregates are formed. How does oligomerized Cue5 gain the upper hand in binding to ubiquitinated aggregates? This may be exemplified by the way in which p62 selectively binds to autophagosome membrane-conjugated LC3. Oligomerized p62 only binds to LC3 attached to the autophagosome membrane with the highest affinity; in cases of mutations causing monomer p62 or free LC3, this binding is dramatically reduced. It is assumed that once the receptor oligomerizes, its binding to the autophagosome-clustered LC3 is highly stabilized, which enables p62 to select it for the autophagosome membrane. This kind of stabilized binding is especially beneficial for autophagy receptors with oligomerization to select their aggregated substrates. Although ubiquitin modification is probably not increased much when aggregates form, its clustering on the surface of aggregates sufficiently stabilizes the binding between substrates and receptors to target autophagosomes. This highlights its zipper-like property of binding to accreted aggregates, bundled receptors and membrane-conjugated LC3 (Figure 3). The oligomerization of receptors can be stress-induced. For example, oxidation of p62 at cysteine sites is triggered by oxidative stress, which allows for its oligomerization and enhances the targeting and autophagic degradation of p62-bound ubiquitinated substrates [101]. Mutations of p62 such as ALS-related K102E can impair its oligomerization, indicating the physiological importance of p62 oligomerization [101]. Furthermore, NBR1 homologs are found throughout the eukaryotes, while p62 is confined to the metazoans, and Arabidopsis thaliana NBR1 (AtNBR1), similar to p62, was found to homo-polymerize by the PB1 domain [102].




6. Role of Oligomerization in Autophagy Substrates


In addition to conferring the capability of autophagy receptors, oligomerization features are also important for defining substrates for autophagy degradation. The cytoplasm-to-vacuole targeting (Cvt) pathway is a type of selective autophagy found specifically in yeast that constitutively and selectively transports hydrolases, such as Ape1, Ams1, and Ape4 to vacuoles through autophagy [103,104,105,106]. Among cargos in the Cvt pathway, Ape1 is the only cargo to function as a template for Cvt vesicle recruitment and formation. Many biochemical and cell biological studies elucidated the process of Ape1 transportation to vacuoles through the Cvt pathway. After synthesis, a precursor form of Ape1 called prApe1 quickly folds as a homododecamer. The propeptide of prApe1 further assembles the dodecamers into a larger aggregate named the Ape1 complex, which acts as a platform for Cvt vesicles. The Ape1 complex is then bound by specific autophagy receptor Atg19 via an interaction between the propeptide and the coiled-coiled (CC) domain of Atg19. Receptor Atg19 then recruits Atg8 through the AIM located in the C-terminus of Atg19, followed by recruitment of the autophagy machinery and autophagosome-membrane formation, which is eventually fused with the vacuole and released inside the Ape1 complex. In vacuoles, prApe1 is digested into a mature form (mApe1) through cleavage of the propeptide. Since prApe1, but not mApe1, is a selective cargo in the Cvt pathway, oligomerized prApe1 is thought to be the determinate for discrimination. Indeed, the mechanism of this selection is explained by the fact that sequestration of prApe1 into oligomers supports the efficient binding to receptor Atg19 and its delivery to vacuoles. Artificially designed prApe1 lacking its N-terminal propeptide, which is transformed into a monomer instead of an oligomer, could not be efficiently targeted by Atg19 and then failed to be transported to the vacuole. On the other hand, fusion of the prApe1 N-terminal propeptide to the originally monomeric cytosolic proteins forces them into a large complex and promotes their vacuole delivery by autophagy. This clearly demonstrates the importance of oligomer formation of autophagy substrates.



Another example shows the importance of oligomerization in determining autophagy substrates, namely, LC3-binding proteinTBC1D25/OATL1 [103]. TBC1D25 was originally described as an inhibitor protein involved in the maturation step of autophagosomes by binding to LC3. However, it is not a substrate of p62, although both proteins bind to LC3 on the phagophore membrane. Researchers discovered the molecular basis of TBC1D25 escape from being an autophagy substrate by the chimeric analysis and artificial manipulation of TBC1D25 and p62. Results showed that chimeric TBC1D25, which maintains its interaction with LC3, becomes an autophagy substrate only when it is forcibly oligomerized by the addition of the PB1 domain from p62. Altogether, these results indicate the key role of oligomerization in determining substrates for autophagy degradation.




7. Segregation of Aggrephagy Cargos


As described above, both the oligomerization of autophagy substrates and the oligomerization of autophagy receptors are important for aggrephagic cargo formation and autophagic degradation. For example, p62 bodies are round protein bodies formed in cultured cells, accompanying ubiquitin-positive protein aggregates [74]. The genetic ablation of p62 blocks the appearance of ubiquitin-positive protein aggregates in hepatocytes and neurons, indicating that p62 plays an important role in inclusion body formation [75]. The polymerization of p62 via the PB1 domain is necessary for the formation of protein aggregates and their degradation by autophagy, which also supports this view [74]. P62 alone cannot form p62 bodies. The mechanisms involved in the formation of aggrephagy cargos had not been very clear until the concept of the liquid-liquid phase separation of biological macromolecules was proposed [107]. It is increasingly clear that many subcellular structures and compartments are results of phase-separation reactions [108]. In 2012, Li et al. reconstituted a liquid-liquid phase-separation phenomenon in vitro and established a natural phase-separation system in vivo [109], which suggests that the phase separation of biomolecules driven by multivalent interactions may be prevalent in cells. Multivalent interactions can be mediated by oligomerization domains such as the PB1 domain in p62 [110], by intrinsically disordered proteins (IDPs) [108], and alternatively by protein modifications including polyubiquitination, polySUMOylation or poly(ADP-ribosyl)ation at one site [108,109,111,112]. Taken together, these results suggest that all of these proteins, including misfolded proteins with polyubiquitination and multivalent UBA domains caused by p62 oligomerization, can create multivalent domains. Thus, p62 body formation relies on the oligomerization of the p62 protein and its binding to ubiquitinated proteins. Individual molecules can be highly mobile within p62 bodies, which undergo internal rearrangement and exchange molecules with the surrounding cytosol. Thus, aggrephagy cargos are segregated by liquid–liquid phase separation. Recently, it was shown that cytosolic p62-containing droplets formed by liquid–liquid phase separation are sequestered by autophagosomes and degraded by autophagy [113]. The surface of droplets serves as liquid assembly platforms for double-membrane autophagosomes through partial wetting, as the tension of droplet surface supports the formation of autophagosomal membrane sheets [113]. It highlights the importance of wetting in cytosolic compartmentalization by liquid–liquid phase separation involving receptors like p62 and in droplet removal by autophagy.



Another autophagy receptor, NBR1, may share the same mechanism since they have very similar characteristics. In addition, these two autophagy receptors can cooperate with each other in the selective autophagy of ubiquitinated targets. NBR1 can interact with p62 through the PB1 domain in each protein, suggesting that these two receptors may function together [114]. The PB1 domain of p62 or NBR1 plays a key role in the execution and regulation of selective autophagy, while other autophagy receptors do not have such structures [11,115]. The hypothesized mechanism is that other autophagy receptors may acquire this ability through cooperation with p62 or NBR1. For example, OPTN can be ubiquitinated by HACE1, which can specifically interact with the UBA domain of p62. The ubiquitinated OPTN-p62 complex can activate cellular autophagy [23]. Future investigations are necessary to test this interesting possibility.




8. Monomer and Oligomer Status of the Same Receptors Confers Dual Functions in Two Degradation Pathways


It is interesting that the two degradation pathways, proteasome and autophagy do not always use their respective receptors to target their substrates. This is exemplified by UBQLN2 (ubiquilin-2), which was first found in amyotrophic lateral sclerosis (ALS) [116,117]. The ubiquilin family, with 4 members, is the human homolog of yeast proteasome receptor Dsk2 [118]. It contains an N-terminal UBL domain for interaction with the proteasome and a C-terminal UBA domain for binding to polyubiquitinated proteins. Although previous studies discovered several disease-linked mutations in UBQLN2 involved in aggregate formation and related neurodegenerative diseases, its role and mechanism in the clearance of aggregates are unknown. Recently, it was shown that UBQLN2 functions together with the HSP70-HSP110 disaggregate machinery to clear protein aggregates from cells through the proteasome pathway. The aggregates are first disassembled by HSP70 complex chaperones before being recognized by UBQLN2 and linked to the proteasome for degradation. The function of UBQLN2 is regulated by its homologs UBQLN1 and 4, which can bind UBQLN2 through middle STI1 domains. When UBQLN2 is bundled with UBQLN1, UBQLN4 or itself, its function in the proteasome is inactive while it gains the capability to work as an autophagy receptor. Under stress conditions, HSP70/HSP110 chaperones disassemble and pull aggregated proteins apart, which allows for the released monomeric UBQLN2 to bind to and shuttle substrates to the proteasome for degradation (Figure 4).




9. Conclusions


Considering the very strong correlation of protein aggregates with human neurodegenerative diseases, it is vital to answer the question of when and how the selective degradation of aggregates is determined. The ubiquitination of substrate proteins is a universal signal to involve the two branches of cellular protein quality control. Since protein aggregates cannot be handled by proteasome degradation, oligomeric autophagy receptors with lower affinity for ubiquitin gain the upper hand through bundling, which ensures that the toxic aggregates are eventually cleared from the cell through the appropriate degradation branch (Figure 5).



In the future, the ubiquitination of different substrates needs to be further clarified. Since proteasome and autophagy pathways share at least partially the same catalytic enzymes, it is not clear whether additional ubiquitination continues after soluble or slightly misfolded proteins accumulate into aggregates. Another noteworthy point may be to determine the sites for these two branches of degradation pathways. As the proteasome is mainly localized in the cell nucleus and autophagy only functions in the cytosol, when and how is the cargo degradation pathway determined? DNA damage stimulates autophagy, and p62 promotes the degradation of nuclear factors for DNA damage response. An additional thorough investigation of the potential link between nuclear events such as the DNA damage response and cytosolic autophagy may expand our insight into cell homeostasis control.
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Figure 1. Autophagy pathway begins with the formation of a double-layered isolation membrane (phagophore), which sequesters autophagy cargo such as protein aggregates or organelles. Selective autophagy receptors targets cargos to Atg8/LC3-conjugated isolation membranes. After expansion, the fully formed autophagosome fuses into vacuoles or lysosomes to degrade and recycle their cargoes. 
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Figure 2. Scheme of functional domains of autophagy receptors in aggrephagy. Essential domains are featured on the receptor proteins. Features: PB1, Phox and Bem1 domain; LIR, LC3-interacting region; UBA, ubiquitin-associated domain; UBAN, ubiquitin-binding domain in ABIN proteins and NEMO; CUE, coupling of ubiquitin conjugation to ER degradation domain; AIM, Atg8-interacting motif; TBD, Tom1-binding domain; C2, C2 domain; SKICH, SKIP carboxyl homology domain; UBZ, ubiquitin-binding zinc finger. 
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Figure 3. Proteasome receptor Dsk2 and autophagy receptor Cue5 function in the clearance of soluble and aggregated substrates. Monomeric Dsk2 binds soluble or slightly misfolded substrates modified with ubiquitin chains for proteasome degradation. When overwhelming numbers of misfolded proteins accumulate into stable aggregates, oligomeric Cue5 then binds to and targets substrates for autophagy degradation. 
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Figure 4. UBQLN2 functions in both proteasome and autophagy degradation pathways depending on its status. When UBQLN is held in homo or heterooligomers, it could target and mediate autophagy substrates. Under stress conditions, UBQLN2 is released and acts as a proteasome receptor for misfolded proteins disassembled by HSP70/HSP110 chaperones. 
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Figure 5. Autophagic cargo segregation through polyubiquitin chain-induced autophagy-receptor phase separation. p62 and NBR1 proteins form oligomers through the PB1 domain (mandarin blue and lavender rectangles) and bind to ubiquitin through the UBA domain (light blue part and deep violet parts). p62 can also bind to the polyubiquitin chains of autophagy receptor OPTN to form autophagy receptor complexes; thus, OPTN can form oligomers through the PB1 domain of P62 and bind to ubiquitin through the UBA domain (orange part). Both domains facilitate multivalent interactions. When protein concentrations reach a threshold, liquid–liquid phase separation occurs to form p62 bodies. Other client proteins, such as LC3, are also recruited to p62 bodies, which are then degraded by autophagy. 
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