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Abstract

ATG8 family proteins are critical players in autophagy, a cytoprotective process that mediates 

degradation of cytosolic cargo. During autophagy, ATG8s conjugate to autophagosome 

membranes to facilitate cargo recruitment, autophagosome biogenesis, transport, and fusion with 

lysosomes for cargo degradation. In addition to these canonical functions, recent reports 

demonstrate that ATG8s are also delivered to single-membrane organelles, which leads to highly 

divergent degradative or secretory fates, vesicle maturation, and cargo specification. The 

association of ATG8s with different vesicles involves complex regulatory mechanisms still to be 

fully elucidated. Whether individual ATG8 family members play unique canonical or non-

canonical roles also remains unclear. This review summarizes the many open molecular questions 

regarding ATG8s that are only beginning to be unraveled.
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ATG8s: bona fide components of macroautophagy

Autophagy is a conserved catabolic process with crucial roles in cellular and organismal 

homeostasis [1]. Autophagy facilitates the turnover of diverse cytoplasmic components by 

targeting them to acidic, hydrolase-containing lysosomes for degradation and recycling. 

During macroautophagy, one of three main forms of autophagy, cargo are engulfed into 

specialized double-membrane vesicles called autophagosomes that fuse with lysosomes to 

degrade cargo [2]. Seminal studies in yeast identified the core autophagy machinery (see 
Glossary) required for autophagy (ATGs) [3]. Arguably, the identification of the autophagy-

related proteins ATG8s (Atg8 in yeast, and members of the LC3 and GABARAP families in 
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mammals; Box 1) as integral components of autophagosomes [4–6], was one of the most 

important discoveries, as it allowed the monitoring of the autophagy process, thereby 

ushering the expansion of the autophagy field.

ATG8s associate with the phagophore, the autophagosomal precursor, and remain attached 

to both the inner and the outer autophagosome membranes once the vesicle is fully sealed 

(Figure 1, Key Figure, Panel A). Upon lysosomal fusion, ATG8s on the outer membrane are 

deconjugated, while lysosomal hydrolases degrade the inner pool of ATG8s [1]. Notably, a 

third of all ATGs identified are dedicated to the processing and conjugation of ATG8 

proteins to autophagosome membranes, reinforcing the importance of ATG8s in autophagy 

[7]. Inhibiting ATG8 conjugation leads to inefficient autophagosome closure, lysosomal 

fusion, and by extension, cargo degradation [8], while genetic deletion of ATG8s leads to 

smaller autophagosomes that are unable to fuse with lysosomes [9].

How do ATG8s facilitate autophagy? Interestingly, ATG8s have membrane tethering and 

fusogenic capacities in vitro conferred by two conserved N-terminal alpha helices [10], 

proposed to drive phagophore expansion within cells. In addition, seminal discoveries 

revealed that ATG8s act as nodes for protein-protein interactions [11], typically involving an 

LC3-interacting region (LIR)-docking site (LDS) located in the ATG8 protein [12] binding 

to a stretch of amino acids called the LIR of the interacting protein (Box 1). These protein-

protein interactions allow ATG8s to recruit other autophagy machinery components at the 

phagophore to promote autophagosome formation [13]. ATG8 interactions are likely to 

differ between the inner and outer membranes of both developing and mature 

autophagosomes, thereby serving distinct functions. In the inner membrane, ATG8s interact 

with specialized proteins called cargo receptors, key mediators of selective autophagy 

(Figure 1). These proteins bind different cargos, from protein aggregates to damaged and 

surplus organelles and pathogens, which are sequestered and ultimately degraded [14]. In the 

outer membrane, ATG8s bind adaptor proteins with known roles in vesicle transport and 

fusion [15] (Figure 1), such as FYCO1 and JIP1, which promote directional transport of 

autophagosomes within cells via association to molecular motors [16,17], and PLEKHM1 

which facilitates fusion of autophagosome-lysosome membranes via recruitment of 

components of the homotypic fusion and protein sorting (HOPS)-tethering complex 
[18].

Is there any functional specialization for the members of the ATG8 family, among all these 

different protein-binding events? In mammalian cells, LC3 and GABARAP members 

display overlapping interactors, as determined by affinity-purification assays. However, in 

general terms, GABARAP subfamily members appear mostly dedicated to the recruitment 

of core autophagy machinery components as well as proteins involved in fusion with 

lysosomes, evidenced by the preferential binding of GABARAPs to ULK1 and ATG13, and 

PLEKHM1 proteins, respectively [19]. In contrast, the LC3 subfamily preferential binds to 

cargo receptors, such as p62, and vesicle transport-related adaptor proteins, such as FYCO1 

[19]. Recent studies of ATG8 deletion in mammalian cells reinforce that GABARAP 

members are essential for autophagosome-lysosome fusion, while LC3 members recruit 

specialized cargo [9]. Despite these general observations, certain cargo receptors, such as 

NIX, have enhanced binding to GABARAPs [19]. How the topologically different protein-
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protein interactions displayed by ATG8s in autophagosome membranes are organized and 

achieved remains unclear, although a recent publication started to shed light into interactions 

specific to the inner side of autophagosomes [20]. In the absence of results showing a 

preference for any ATG8 member for the inner versus the outer membrane of 

autophagosomes, we speculate that protein-protein interactions with individual ATG8 family 

members may be regulated via post-translational modifications, such as protein 

phosphorylation (see section on Regulatory mechanisms operating on ATG8 proteins that 

specify canonical versus non-canonical functions).

The key roles that ATG8s play in macroautophagy, described above, are known as their 

canonical functions, and by same means the process can be referred to as canonical 

autophagy. However, a growing number of studies are revealing alternative functions for 

ATG8s in other processes, which are also highly relevant in health and disease. These 

alternative roles are here referred to as non-canonical functions of ATG8s, and for simplicity, 

the pathways by extension as non-canonical autophagy, although they encompass a quite 

diverse array of functional processes. The physiological relevance and the molecular 

machinery implicated in non-canonical autophagy is currently an active topic of research. In 

the sections below, we describe the relevance of ATG8s in non-canonical pathways 

comprising: alternative degradative pathways, such as LC3-associated phagocytosis, LC3-

associated endocytosis, endosomal microautophagy; the interplay between ATG8s and 

viruses; and the functions of ATG8s in unconventional secretory pathways via 

autophagosomes or small extracellular vesicles.

Recruitment of ATG8s to single-membrane vesicles with degradative fates

Besides the canonical roles that ATG8s play in macroautophagy, accumulating evidence 

demonstrates that ATG8s can also be incorporated into different single-membrane vesicles 

with degradative functions (Figure 1, Panels B and C). These include phagosomes, 

macropinosomes, endosomes, and entotic vacuoles [21,22]. These ATG8-positive vesicles 

ultimately fuse with lysosomes to degrade cargo, which in this case, is of extracellular 

origin. Interestingly, the formation of these single-membrane degradative vesicles is 

independent of the autophagy-initiation machinery involved with phagophore formation and 

relies instead on the invagination of the cell plasma membrane via different molecular 

pathways. However, the conjugation of ATG8s to membranes requires the same ubiquitin-

like conjugation systems that operate during canonical macroautophagy, with ATG16L1 

playing an essential role in recognition of these vesicles [23] (Box 1).

ATG8s play critical roles in phagosomes and endosomes. Phagosomes formed via the so-

called LC3-associated phagocytosis (LAP) require the ATG8 conjugation machinery for 

their acidification and cargo degradation. In the absence of the conjugation machinery, 

inefficient cargo degradation leads to detrimental pro-inflammatory responses by phagocytic 

cells [24]. The ATG8 conjugation machinery also appears to be crucial in a mechanistically 

distinct process called LC3-associated endocytosis (LANDO) (Figure 1, Panel C). In 

microglia, LANDO allows the uptake of amyloid-β protein (Aβ) from the extracellular 

media to facilitate its degradation and the recycling of Aβ receptor in the cell surface, 

preventing plaque buildup in the neural tissue that may lead to Alzheimer’s disease [22].
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To understand the potential functions that ATG8s play in these single-membrane vesicles, it 

is important to consider that ATG8s may associate exclusively with their cytosol-facing side 

(Figure 1), the only side accessible to the ATG8 conjugation machinery. We, therefore, 

speculate that ATG8s do not specify cargo within these vesicles because of their topological 

orientation, in contrast to autophagosomes. Because formation of phagosomes, 

macropinosomes, and endosomes can be ATG8-independent processes, and because ATG8 

conjugation to phagosomes occurs only after the vesicle is fully formed [25], ATG8s are 

unlikely to play a primary role in the biogenesis of these vesicles. Rather, ATG8s may 

mediate the recruitment of transport- and fusion-related factors to facilitate lysosomal 

degradation of cargo. LC3-positive phagosomes are known to recruit the transport-related 

protein FYCO1, and subsequently acquire endolysosomal markers during the process of 

acidification [26]. An exception to the above-described functional roles and topological 

distribution of ATG8s within single-membrane vesicles with degradative fates may be 

endosomal microautophagy (eMI) (Figure 1, Panel B). This process allows the delivery of 

cytosolic cargo within endosomes via inward budding mediated by the endosomal 
complexes required for transport (ESCRT) machinery. LC3B and GABARAPL2 

participate in this process, and likely facilitate the recruitment of cargo receptors including 

p62, NDP52, and NBR1 to deliver material into endosomal cisternae [27]. A similar 

mechanism seems to contribute to the selective turnover of lysosome membrane 

components, including the ion-channel Mucolipin 1 (also known as TRPML1) [28].

It is presently unclear whether functional specialization exists among ATG8 family members 

in autophagy-related degradative pathways. Most studies have focused on the incorporation 

of LC3 members into the membrane of single-membrane degradative vesicles, with less data 

implicating GABARAPs in these non-canonical processes. However, early evidence points 

to other members of the ATG8 family, such as GABARAPL2 associating with single-

membrane vesicles of endosomal origin, and both LC3 and GABARAP proteins may play 

essential roles in these scenarios [29,30]. Whether and how the protein interactome of 

ATG8s at single-membrane vesicles may primarily include transport and fusion proteins 

remains to be elucidated.

ATG8s and viruses

Studies of the complex interplay between viruses and host cells have illuminated 

biochemical functions of the ATG8 family. ATG8s interact with viral components and are 

critical for host defense via mechanisms including virophagy and immune signaling; 

moreover, many viruses co-opt ATG8s to evade clearance and facilitate various steps in their 

respective life cycles. This evolutionary arms race reinforces ATG8s as important 

determinants of infection and pathogenesis and informs key cellular functions for this 

protein family in autophagy and autophagy-related processes.

ATG8s can facilitate host defense through the autophagic degradation of viral proteins, viral 

particles, and host-cell machinery that impacts virus replication. LC3B and likely other 

ATG8s interact with capsid proteins of select viruses via p62 to target invading virions for 

autophagic degradation [31,32]. In contrast, damage to endosomal membranes during viral 

entry recruits Galectin-8, NDP52, and LC3B to facilitate clearance of these compromised 
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organelles and associated virions [33]. ATG8s may also restrict viral entry through the 

sequestration of viral proteins, such as Influenza (IAV) hemagglutinin, within amphisome-

like structures or endosomal recruitment of TRIM5α [34,35]. However, it remains unclear 

whether these antiviral mechanisms involve classical autophagy or non-canonical functions 

of ATG8s [34,36].

The ATG8 family also modulates antiviral immune signaling. ATG8s are critical regulators 

of innate immune pattern recognition receptors (PRRs) and interferons (IFNs) 

production during viral infection. Although ATG8 proteins facilitate autophagic degradation 

of select PRRs, including RIG-I-like receptors (RLRs) and NOD-like receptor (NLRs), 

evidence also supports non-canonical regulation and functions during viral infection [37–

39]. Early studies in phagocytes suggest a LAP-like process is involved in Toll-like receptor 
9 (TLR9)-dependent IFN production during DNA virus infection [40][41]. More recently, 

cyclic GMP-AMP synthase (cGAS) – stimulator of interferon genes (STING) were shown to 

activate autophagy through mechanisms independent of ULK1 and BECN1 during infection 

[42]. This pathway also elicits negative feedback on IFN production, since STING is a target 

of autophagic degradation. Finally, ATG8s regulate inflammasome-mediated pathogen 

defense through autophagic degradation of inflammasome components, limiting IL-1β and 

IL-18 secretion [43,44], and under certain conditions also facilitate the release of IL-1β and 

other inflammatory molecules via non-canonical mechanisms [45] (see section on Functions 

of ATG8s in unconventional secretion).

IFNs upregulated by PRRs trigger diverse antiviral pathways within mammalian cells. These 

include expression of IFN-inducible GTPases such as immunity-related GTPases (IRGs) and 

guanylate-binding proteins (GBPs) [46]. In humans, all ATG8 isoforms bind immunity-

related GTPase M (IRGM), which coordinates autophagy during microbial defense [42,47]. 

Furthermore, during murine norovirus infection, ATG5-ATG12:ATG16L1-dependent 

targeting of LC3B and possibly other ATG8s to membrane-associated replication complexes 

is critical for the recruitment of IRGs and GBPs that inhibit viral replication through 

mechanisms independent of classical autophagy [48].

At the same time, viruses have evolved mechanisms that subvert ATG8s to evade clearance 

and leverage their functions for various stages of the infection cycle. Generally, selective 

pressures have resulted in subversion mechanisms that undermine autophagosome formation 

or autophagosome-lysosome fusion, leaving ATG8-conjugation intact. ATG8-conjugation is 

frequently retained because viruses hijack the ATG8s and autophagosomal membranes for 

their replication. Seminal studies of poliovirus infection revealed that virus replication 

occurs on LC3B-positive autophagosomal membranes and is enhanced by autophagy 

activation, whereas genetic disruption of ATGs compromised virus production [49]. 

Furthermore, many RNA viruses specifically promote the accumulation of ATG8-positive 

membranes [50]. Human parainfluenza virus disrupts SNAP29-STX17 complexes critical 

for autophagosome-lysosome fusion to facilitate replication [51], whereas Zika virus 

requires ATG16L1 to form LC3B-positive ER-derived replication complexes [52]. 

Interestingly, select flaviviruses induce lipophagy to fulfill the energy requirements of viral 

replication and facilitate assembly [53,54]. There is also evidence that certain viruses utilize 

ATG8s independent of its lipidation status [55,56]. Coronaviruses (CoVs) require LC3B to 
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form ER-derived replication membranes but virus production and LC3B membrane 

localization are largely unaffected in cells deficient for ATG8-conjugation [56]. The 

discovery that ATG8s facilitate the exocytosis of certain viruses provides an additional clue 

to the evolutionary convergence between viruses and the ATG8 family. Indeed, evidence 

supports that viruses hijack ATG8 proteins and associated membranes to facilitate their 

egress and transmission to neighboring cells (Box 2).

Functions of ATG8s in unconventional secretion

Viral hijacking of the ATG8 proteins for exocytosis broaches roles for the autophagy 

machinery in cellular secretion and intercellular communication. Indeed, ATGs and 

specifically ATG8s play roles in unconventional secretion of proteins. While the precise 

molecular mechanisms of ATG8-dependent unconventional secretion are only beginning to 

be unraveled, genetic studies suggest these pathways generally fall into two categories: (1) 

mechanisms that employ autophagosome-like vesicles as a secretory intermediate, and (2) 

mechanisms that are functionally independent of autophagosome formation.

Extracellular secretion of ATG8-positive autophagosomes

ATG8-positive autophagosomal intermediates have been implicated in the unconventional 

secretion of proteins [57,58] (Figure 1, Panel E). Indeed, ATG8-positive vesicles facilitate 

the secretion of acyl-CoA-binding protein Acb1 in yeast (AcbA in Dictyostelium 
discoideum) and damage-associated inflammatory molecules in mammalian cells, including 

IL-1β, IL-18, and the high mobility group protein B1 (HMGB1) [45,59,60]. More recently, 

this list has grown to include ferritin, insulin-degrading enzyme (IDE), galectin-3, annexins 

A1 and A2, as well as the aggregation prone proteins amyloid-β and α-synuclein [58]. 

Nevertheless, the precise mechanisms by which autophagosomal intermediates capture 

specific cargo and deliver it outside the cell remains an area of active investigation.

In yeast, unconventional secretion of Acb1 requires ATG8, core ATGs in autophagosome 

formation (ATG1, ATG6, ATG9, ATG17) and Grh1 (the yeast orthologue of GRASP55 and 

GRASP65) [59,60]. In addition, secretion required multivesicular bodies (MVBs) 

biogenesis but independent of machinery that mediates autophagosome-vacuole fusion 

[59,60]. This led to a model where ATG8 and nascent autophagosomal membranes carrying 

Acb1 are captured at MVBs and released upon MVB fusion with the cell surface [57]. 

Although recent work suggests that GRASP function may be peripheral to this secretory 

pathway in mammals, autophagosome-like intermediates may be critical in the secretion of 

discrete cargo. Indeed, secretion of IL-1β requires core ATGs essential for autophagosome 

formation but proceeds via translocation of this secretory protein into the intermembrane 

space of LC3-positive double-membrane vesicles [45,61]. Recently, transmembrane protein 

TMED10 was identified as a protein channel that translocates mature IL-1β into the 

endoplasmic reticulum-Golgi intermediate compartment (ERGIC), an organelle 

implicated in autophagosome formation [62]. Moreover, genetic depletion of TMED10 

impairs secretion of murine IL-1β in macrophage and neutrophil cell lines. Hence, IL-1β is 

loaded into vesicular precursors of autophagosomes prior to extracellular secretion. This 

secretion also requires Sec22b, a regulator of ER-Golgi protein trafficking, as well as 
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soluble NSF-attachment protein receptors (SNAREs) implicated in vesicular fusion with 

the plasma membrane including SNAP23, SNAP29, and their cognate partners STX3 and 

STX4; STX17, a SNARE required for autophagosome-lysosome fusion, is dispensable for 

IL-1β release [63]. Collectively, these data suggest that secretory autophagosomes fuse with 

the plasma membrane as opposed to lysosomes in order to mediate IL-1β extracellular 

release. Clearly, it will be important to determine whether other targets of secretory 

autophagy are released through mechanisms similar to IL-1β or involve alternative ATG-

dependent pathways that specialize in the secretion of distinct cargo.

The localization of LC3 to secretory autophagosomes intimates important roles for the 

ATG8 family in cellular secretion. Interestingly, many secretory autophagy cargos, including 

IL-1β and HMGB1, lack well-defined LIRs and are not known to bind ATG8-family 

members, suggesting that cargo is recruited to secretory autophagosomes via ancillary 

mechanisms independent of ATG8 proteins. The exception to this observation is ferritin, 

which interacts with LC3B via NCOA4 and, in addition to being secreted, is a target for 

autophagic degradation [63][64]. Remarkably, multiple ATG8-interacting proteins linked to 

autophagy, including p62, have been detected in conditioned media and plasma [65,66]. 

However, in the absence of functional studies, it remains unclear whether ATG8s and 

secretory autophagosomes are involved in release of these proteins. While ATG8 proteins 

may target a limited set of proteins for secretory autophagy, it is tempting to speculate that 

the main functions of the ATG8 family in secretion may relate to their critical role in 

autophagosome biogenesis, trafficking and fusion [19]. Indeed, recent studies demonstrating 

that LC3B phosphorylation by STK4 regulates the directional trafficking of 

autophagosomes, suggesting roles for this kinase in coordinating the itineraries of 

degradative and secretory autophagosomes [67] (see section on Regulatory mechanisms 

operating on ATG8 proteins that specify canonical versus non-canonical functions). 

Moreover, the essential functions of ATG8 proteins in membrane fusion events during 

autophagosome formation and maturation may also contribute to the fusion of secretory 

autophagosomes with the plasma membrane and/or endocytic compartments [9,68]. Notably, 

ATG8-associated membrane fusion appears independent of the luminal pH of donor and 

recipient compartments, and thus, theoretically competent to drive fusion with numerous 

cellular membranes beyond the lysosome [68]. Ultimately, this may be relevant to secretory 

autophagy in situations where lysosome function is compromised such as during infection, 

cancer and aging, enabling cells to expel material into the extracellular space.

ATG8s secreted via small extracellular vesicles

The autophagy machinery is also implicated in extracellular vesicle secretion (EVs) [69,70]. 

Notably, lipidated ATG8 proteins are highly enriched within a subset of EVs and specifies 

the loading of RNA-binding proteins and small non-coding RNAs through a process termed 

LC3-dependent EV loading and secretion (LDELS) [70] (Figure 1, Panel D and Figure 2). 

Furthermore, this novel EV-sorting pathway requires the LC3-conjugation machinery and 

neutral sphingomyelinase 2 (nSMase2)-dependent production of ceramide but is 

independent of ATG14 and FIP200/RBCC1, two ATGs required for canonical autophagy 

(Figure 2). Overall, genetic and cell biological data suggest budding of lipidated ATG8 at the 
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limiting membrane of MVBs into small intraluminal vesicles (ILVs), which are released as 

EVs upon fusion of this organelle with the plasma membrane.

ATG8 proteins serve at least two important functions in LDELS. First, ATG8s recruit the 

Factor-associated with nSMase activation (FAN), through a conserved LIR, which facilitates 

EV biogenesis by stimulating nSMase2 production of ceramide that drives intraluminal 

budding and ILV formation (Figure 2) [70]. In contrast to many other EV biogenesis 

pathways, LDELS appears to be largely independent of ESCRT machinery, and only 

requires CHMP4B. The second critical function that ATG8 proteins serve in LDELS is 

sorting cargo such as RBPs into EVs for extracellular release [70] (Figure 1 and Figure 2); 

many of these RBPs have been identified as ATG8 interactors [11]. Consistent with these 

observations, LDELS also regulates the secretion of small non-coding RNAs including small 

nucleolar RNA (snoRNAs) and microRNAs (miRNAs). The molecular mechanisms and 

physiological roles of RBP-RNA secretion remain poorly understood. Interestingly, a 

number of RBPs and RNAs targeted by LDELS are implicated in viral regulation and innate 

immune signaling. For example, HNRNPK and LARP1 regulate HCV and DENV infection, 

respectively, whereas G3BP1 and snoRNAs have roles in activating double-stranded RNA 

(dsRNA)-dependent protein kinase (PKR) during infection and stress [71–74]. Collectively, 

these observations may suggest a role for LDELS in innate immune responses and stress 

signaling.

Analogous to LAP, LANDO, and eMI, the LDELS pathway involves delivery of LC3B 

proteins to single-membrane organelles of the endolysosomal system through mechanisms 

requiring the LC3-conjugation machinery but distinct from classical autophagy [27,75,76]. 

However, the function and fate of LC3B proteins within these pathways diverges 

dramatically. During LANDO and LAP, LC3B completely decorates the surface of 

endosomes and phagosomes [22,75]. In contrast, LC3B proteins are localized to subdomains 

at the limiting membrane of MVBs during LDELS, which subsequently undergo 

intraluminal budding to deliver LC3B into the lumen of these organelles in the form of ILVs 

[70]. Furthermore, during eMI, cytosolic targets are captured at MVBs via ESCRT-

dependent intraluminal budding pathways [27]. Although LDELS and eMI both involve 

MVB intraluminal budding and ILV formation, LDELS results in the secretion of RBPs via 

EVs, whereas eMI primarily leads to cargo degradation. The molecular mechanisms 

specifying LC3B-dependent cargo loading in LDELS versus eMI remain to be elucidated.

Regulatory mechanisms operating on ATG8s to specify canonical versus non-canonical 
functions

Although the mechanisms that specify ATG8 proteins for classical versus non-canonical 

functions remain poorly understood, these operational decisions are likely the results of 

complex signaling pathways converging upon the conjugation machinery. Ultimately, ATG8 

functions may be directed by two regulatory control points: (I) the conjugation of ATG8 to 

autophagosomes versus vesicles of alternative nature and (II) the specific ATG8 protein 

interactome at that precise location.

Many non-canonical autophagy pathways involve processes where ATG8 proteins are 

directly conjugated to lipids at single-membrane structures such as the plasma membrane or 
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endolysosomal compartments. Recently, studies dissecting the functions of ATG16L1, 

which specifies the site of ATG8 lipidation [77], revealed that its FIP200-binding domain is 

required for classical autophagy but dispensable for LC3 lipidation at the plasma membrane 

and endolysosomes, whereas the WD40 domain is required for LC3 lipidation at non-

canonical sites but dispensable for autophagy [23]. Moreover, recent biochemical studies 

indicate that ATG8s are conjugated to phosphatidylserine at these vesicles [78], providing a 

new potential molecular signature to differentiate these non-canonical processes. Although 

the molecular mechanisms underlying regulation of the different ATG16L1 domains during 

autophagy and non-canonical pathways remain unclear, this may be coordinated through 

interactions with accessory proteins [79].

The cargoes themselves may direct ATG8 conjugation to alternative vesicles to perform non-

canonical functions. For example, binding of extracellular Aβ to receptors TREM2 and 

CD36 triggers the lipidation of LC3 at endosomes during LANDO [22]. Although the 

mechanisms that regulate LANDO are poorly understood, one can postulate that signals 

transmitted by TREM2 and CD36 in response to Aβ binding recruit the ATG8-conjugation 

machinery to endosomes to facilitate trafficking and lysosomal degradation of this 

aggregation-prone protein. Osmotic imbalances within endolysosomal compartments may 

also activate non-canonical autophagy and endolysosomal ATG8 lipidation through 

mechanisms dependent upon the V-ATPase complex [80]. Thus, signals from cargo at 

organelles or structures not traditionally thought to be targeted by autophagy can direct non-

canonical functions of ATG8 proteins. Interestingly, RNA granules hitchhike on the surface 

of endolysosomes and the autophagy machinery is implicated in the turnover of these 

structures or components thereof [81,82]. Given these observations, it is tempting to 

speculate that RNA granules may be regulated through non-canonical functions of ATG8 

proteins in processes such as eMI or LDELS.

During classical autophagy, ATGs are involved in protein interactions and post-translational 

modifications controlling discrete steps in this pathway. Emerging evidence suggests that 

similar mechanisms may control the non-canonical functions of ATG8 proteins. 

Phosphorylation regulates the binding of ATG8 interactors by modifying the affinity of the 

LIR-LDS-binding interface during autophagy. There are several examples of ATG8 

interactors, which upon phosphorylation in the vicinity of their LIR, increase their binding 

affinity to ATG8s. ULK1-related phosphomimic mutations close to the LIRs of the proteins 

VPS34 or Beclin1, implicated in the initial steps of autophagosome formation, enhance the 

binding of VSP34 and Beclin1 to GABARAP [83]. Similarly, phosphorylation of the cargo 

receptor optineurin by the kinase TBK1 increases its binding affinity to LC3 to ultimately 

restrict Salmonella growth [84]. Direct phosphorylation of ATG8s also impacts their 

functions in autophagy, possibly via regulating multiple protein-protein interactions, in 

which could be a major functional regulatory switch. Interestingly, PKA phosphorylation of 

LC3 at Ser12 impairs recruitment autophagosomes, whereas phosphorylation of Thr6 and 

Thr29 by PKC does not appear to affect autophagy, yet the impact of these three 

modifications on non-canonical autophagy remains untested [85,86]. STK3/4 meditated 

phosphorylation of LC3B at Thr50, a residue located within LC3B LDS, is required for 

autophagosome-lysosome fusion and autophagy completion [87]. Furthermore, LC3B Thr50 

can be phosphorylated by alternative kinases such as NEK9 to regulate selective autophagy 
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[88], and the vicinity of this residue (K49 and K51) is susceptible to acetylation to regulate 

subcellular location of LC3B and starvation-induced autophagy [89].

These studies indicate that post-translational modification of ATG8 LDS may have 

important regulatory implications. Notably, recent studies demonstrate that LC3B 

phosphorylation at Thr50 by STK4 decreases the binding of the vesicle transport-related 

protein FYCO1 to promote the directional trafficking of autophagosomes toward lysosomal 

compartments in the perinuclear region [67]. Conversely, expression of a non-

phosphorylatable LC3B-T50A mutant results in increased FYCO1 binding and an increased 

transport of autophagosomes towards the plasma membrane. Given these observations, it is 

tempting to speculate that LC3B phosphorylation at Thr50 may play a role not only in 

classical autophagy but also in ATG8-dependent secretory pathways via reprogramming key 

ATG8 protein-protein interactions related to vesicle transport. Finally, autophagosome 

fusion with lysosomes can also be regulated by phosphorylation. Specifically, TBK1-

mediated phosphorylation prevents premature ATG4-mediated deconjugation of LC3C and 

GABARAP-L2 from autophagosome membranes to ultimately allow fusion with lysosomes 

[90]. Whether similar mechanisms operate to control fusion of ATG8-positive vesicles with 

plasma membranes during non-canonical pathways remains to be elucidated. Going forward, 

unraveling the mechanisms that direct classical autophagy versus non-canonical functions 

for ATG8 proteins remains a topic of immense interest in the field.

Concluding remarks

ATG8s are key core components of the macroautophagy machinery and commonly used as 

autophagosome markers and reporters of the macroautophagy process. Besides this 

traditional or canonical role, accumulating evidence supports that ATG8s also modulate 

alternative and diverse cell biological functions at other vesicles including phagosomes, 

endosomes, and macropinosomes, Furthermore, the ultimate fate of these vesicles can be 

either degradation or secretion. This review summarizes the alternative functions of ATG8s 

that are now beginning to be elucidated and hypothesizes how the functional repertoire of 

ATG8s may be regulated. We believe that to explain the functional divergence that ATG8s 

play in autophagosomes versus alternative vesicles with degradative or secretory fate, 

additional proteomic and imaging studies must address which ATG8 members are enriched 

at each of these vesicular membranes, and whether post-translational regulation plays a role 

on controlling protein-protein interactions and functional outcomes (see Outstanding 

Questions). All these novel findings and concepts have opened up a new and exciting line of 

research in the autophagy field.
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Glossary

Cargo receptors:
soluble or membrane-bound proteins that bind different kinds of cargo (including 

ubiquitinated proteins, protein aggregates, organelles, and pathogens) and bring them to 

autophagosomes; this latter step requires the interaction of cargo receptors with ATG8s 

associated with the inner membrane of autophagosomes. Examples of soluble cargo 

receptors include SQSTM1/p62, NBR1, NDP52, TAX1BP1, CALCOCO1, and NCOA4 

(involved in the degradation of different kinds of cargo), and membrane bound receptors 

include FAM134B, TEX264, CCPG1, RTN3 (implicated in endoplasmic reticulum 

degradation) and NIX, BNIP3, FKBP8, FUNDC1 (implicated in mitochondria degradation)

Core autophagy machinery:
group of cellular proteins facilitating the different steps of macroautophagy that lead to 

autophagosome formation and ultimately cargo degradation. These stages include the 

initiation step, controlled by the ULK complex (comprised of autophagy proteins ULK1/2, 

ATG13, ATG101, and FIP200); the nucleation of the autophagosome precursor called the 

phagophore, directed by the PI3K III nucleation complex (consisting of VPS15, VPS34, 

BECLIN1, ATG14, and NRBF2); the phagophore expansion, in which the proteins ATG2A, 

ATG2B, ATG9, the recently discovered VMP1 and TMEM41B and the PI3P-binding 

complex (WIPIs and DFCP1) participate; WIPIs (specifically WIPI2b via interaction with 

ATG16L1) facilitate the conjugation of ATG8s to the growing phagophore and ultimately 

the autophagosome membranes via the conjugation machinery (ATG3, ATG4, ATG7, 

ATG10, and a multimer comprised of ATG5, ATG12, ATG16L1 – the ATG5-

ATG12:ATG16L1 complex). The final stages include fusion of the autophagosome with 

lysosomes and cargo degradation. Autophagosome-lysosome fusion is directed by two 

separate cognate SNARE complexes (STX17-SNAP29-VAMP8 and/or YKT6-SNAP29-

STX7), the HOPS-tethering complex (see below), components of the PI3K III complex, 

ATG8 proteins and a number of recently defined tethering factors (EPG5, PLEKHM1, 

BRUCE, and GRASP55)

Endosomes:
membrane vesicles formed upon invagination and budding of the cell plasma membrane that 

deliver extracellular materials into the cell

Entotic vacuoles:
vesicles that engulf live neighboring cells and may play important roles in non-apoptotic cell 

death

Endosomal complexes required for transport (ESCRT) machinery:
group of cytosolic protein complexes including ESCRT-0, ESCRT-I, ESCRT-II, and ESCRT-

III as well as accessory proteins that direct membrane remodeling during cytokinesis, 

membrane repair, and intraluminal vesicle biogenesis at late endosomes to form 

multivesicular bodies

Endoplasmic reticulum-Golgi intermediate compartment (ERGIC):
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an organelle in more complex eukaryotes that mediates the trafficking and sorting of cargo 

between the endoplasmic reticulum and the Golgi apparatus

Extracellular vesicles (EVs):
heterogeneous mixture of small membrane-bound structures released from cells under both 

physiological and disease conditions that carry select biomolecules and potentially function 

as vehicles of intercellular communication

Galectin-8:
member of the lectin protein family that have conserved carbohydrate recognition domains 

and bind β-galactosides

Homotypic fusion and protein sorting (HOPS)-tethering complex:
heterohexameric complex comprising VPS11, VPS16, VPS18, VPS33, VPS39, and VPS41 

that facilitates autophagosome-lysosome fusion via interactions with the SNARE 

Syntaxin-17 (STX17) and Rab7

Interferons (IFNs):
group of secreted signaling proteins produced by host cells in response to viral infection and 

function in antiviral defense

Lipophagy:
the autophagic process in which lipid droplets are delivered to the lysosome and degraded

Macropinosomes:
large subtype of endosome formed upon rearrangement of the plasma membrane via rapid 

polymerization of actin fibers. Macropinosomes encapsulate large volume of liquid and 

solutes from the extracellular media

Multivesicular bodies (MVBs):
specialized subtype of endosome containing intraluminal vesicles that are formed upon 

inward budding. Fusion of MVBs with the plasma membrane results in the secretion of 

extracellular vesicles

NOD-like receptors (NLRs):
family of intracellular receptors that bind pathogen-associated and damage-associated 

molecular patterns and can oligomerize to form large signaling complexes termed 

inflammasomes which regulate the production of inflammatory cytokines and apoptosis

Pattern recognition receptors (PRRs):
innate immune sensors that recognize conserved molecular patterns within pathogen or cell 

intrinsic biomolecules that are indicative of infection or damage

Phagosomes:
specialized vesicles generated within phagocytic cells that can engulf pathogens or apoptotic 

bodies from the extracellular media and play critical roles in immunity

RIG-I-like receptors (RLRs):
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family of intracellular pattern recognition receptors including retinoic-acid inducible gene I 

(RIG-I) and melanoma differentiation-associated 5 (MDA5) involved in the recognition of 

viral RNA by the innate immune system

Soluble NSF-attachment protein receptors (SNAREs):
group of proteins that facilitate the fusion of vesicles with target membranes

Toll-like receptors (TLRs):
family of membrane receptors that recognize structurally conserved molecules derived from 

pathogens such as virus associated double-stranded RNA, unmethylated DNA and bacterial 

lipopolysaccharides. TLR activation triggers numerous signaling pathways including the 

production of interferons

Unconventional secretion:
eukaryotic secretory proteins classically traffic to the cell surface or are released into the 

extracellular space along itineraries involving the endoplasmic reticulum (ER) and Golgi 

apparatus. However, there is an increasing list of proteins, lacking an N-terminal secretory 

signal sequence, that bypass these organelles and are released via so called unconventional 

mechanisms
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Box 1:

The ATG8 family of proteins

While yeast and other simple eukaryotes have a single ATG8 isoform, this family is 

diversified in mammals into two subfamilies: LC3 and GABARAP [91]. In humans, 

ATG8s are comprised of seven members, LC3A, LC3B, LC3B2, LC3C, GABARAP, 

GABARAPL1, and GABARAPL2. All ATG8s are small cytosolic proteins sharing a 

ubiquitin-like structural folding preceded by two N-terminal alpha-helices. The 3D-

structure of these proteins defines hydrophobic pockets that comprise a docking surface 

known as the LC3-interating region (LIR)-docking site (LDS) (Figure I), which allows 

the binding of LIR-containing proteins, including members of the autophagy core 

machinery, cargo receptors, and adaptor proteins [19]. Recently, an additional protein-

binding interface in ATG8s named ubiquitin-interacting motif (UIM), has also been 

described to participate in the recruitment of autophagy-related proteins [92]. Moreover, 

other interactors can bind to ATG8s through alternative regions. For example, Lamin B 

which interacts with LC3B through a sequence in the N-terminus of LC3B [93]. While 

ATG8s perform most of their autophagy-related functions once they are conjugated to 

autophagosome membranes (see below), only a very small number of ATG8 binding 

partners are known to preferentially bind to this form. ATG8s are synthesized as pro-

proteins cleaved by the ATG4 family of proteases to expose a C-terminal glycine. 

Subsequently, ATG8s are conjugated to the lipid phosphatidylethanolamine (PE) in the 

growing phagophore and ultimately in autophagosome membranes via two ubiquitin-like 

conjugation systems [7]. In the first pathway, ATG7 (E1-like) and ATG10 (E2-like) 

catalyze ATG5-ATG12 conjugation, and this dimer recruits ATG16L1 to form the ATG5-

ATG12:ATG16L1 complex. The second conjugation system involves ATG7 (E1-like) and 

ATG3 (E2-like) to mediate PE-lipidation of ATG8s. In this pathway, the ATG5-

ATG12:ATG16L1 complex is proposed to confer an E3-like function that targets PE-

lipidated ATG8s to the sites of autophagosome formation via interaction with members of 

the core autophagy machinery, such as FIP200 and WIPI [7]. ATG4 proteases can 

ultimately deconjugate ATG8s bound to the outer autophagosome membrane, which can 

be reused in another round of autophagy. In a so-called non-canonical pathway, the same 

conjugation systems via ATG16L1 can alternatively target lipidated ATG8s to single-

membrane vesicles with degradative and/or secretory functions (see section on 

Regulatory mechanisms operating on ATG8 proteins that specify canonical versus non-

canonical functions).
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Box 1 Figure I: 3-D structure of LC3B.
Crystal structure of LC3B showing the typical ubiquitin-like folding described for ATG8s 

(PDB ID 3VTU). The two consecutive N-terminal alpha helices are highlighted by an 

orange dotted line. Basic amino acids shown in blue form part of the LIR-docking site 

(LDS) and participate in the binding of LIR-containing proteins. Highlighted in red is 

LC3B Threonine 50, a key residue located within the LDS, whose phosphorylation 

regulates protein-protein interactions and is crucial for the autophagy process (see section 

on Regulatory mechanisms operating on ATG8 proteins that specify canonical versus 

non-canonical functions). Figure created with the software PyMOL.
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Box 2:

ATG8 proteins in viral exocytosis

Increasing evidence supports roles for ATG8 proteins in viral exocytosis. For example, 

poliovirus and coxsackievirus B (CVB3) are sequestered by autophagosome-like 

structures within infected cells and released in microvesicles bearing autophagosomal 

markers including lipidated LC3B, a process termed autophagosome-mediated exit 

without lysis (AWOL) (Figure I) [94,95]. Notably, the micro-vesicle envelope acquired 

during viral egress protects virions from immune recognition and facilitates transmission 

to neighboring cells. A number of enveloped viruses highjack ATG8 proteins and the 

autophagy pathway to facilitate membrane acquisition during egress. Epstein-Barr virus 

(EBV), human cytomegalovirus and varicella-zoster virus acquire ATG8-conjugated 

membranes during envelope acquisition in the cytosol (Figure I) [96–98]. Moreover, 

disruption of the ATG8-conjugation machinery severely impairs the production of EBV, 

resulting in the accumulation of viral dsDNA genomes in the cytosol of infected cells 

[96]. Flaviviruses including dengue virus (DENV) and hepatitis C virus (HCV) also 

highjack LC3B proteins and other ATGs to facilitate exocytic release through MVBs 

(Figure I). Although the underlying mechanisms that contribute to flavivirus exocytosis 

remain obscure, DENV infected cells release extracellular vesicles containing viral 

components and lipidated LC3B that mediate virus transmission [99]. Finally, IAV 

encodes an ion-channel protein, matrix protein 2 (M2), which inhibits autophagic 

clearance of the virus and facilitates viral egress by binding and targeting lipidated LC3B 

to the plasma membrane, functionally sequestering it from incorporation into 

autophagosomes (Figure I). Although the ATG8-conjugation machinery supports IAV 

filamentous budding and virion stability, infectious virus production is largely unaffected 

in ATG-deficient cells [100]. Collectively, these observations reinforce that viruses have 

evolved to hijack non-canonical functions of ATG8 proteins for their release outside host 

cells.
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Box 2 Figure I: Viral subversion of ATG8 proteins for exocytosis.
Viruses hijack LC3B and possibly other ATG8 family members (green circles) to 

facilitate egress and transmission between cells. Non-enveloped RNA viruses including 

poliovirus and coxsackievirus B (CVB3) are released in autophagosome-like vesicles 

bearing LC3B and phosphatidylserine. Enveloped double stranded DNA (dsDNA) viruses 

including Epstein-Barr virus (EBV), human cytomegalovirus (HCMV) and varicella 

zoster virus (VZV) are released via mechanisms regulated by ATGs and contain lipidated 

LC3B. Dengue virus (DENV) and hepatitis C virus (HCV) are released in small 

extracellular vesicles harboring lipid-modified LC3B that may originate from 

multivesicular bodies (MVBs). Finally, influenza virus filamentous budding involves 

matrix protein 2 (M2)-dependent targeting of LC3B to the plasma membrane; however, 

LC3B does not appear to be packaged into bud influenza virions. See text for more 

details.
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Outstanding questions

• How do ATG8s carry out their diverse functions at different intracellular 

locations?

• Do ATG8s perform similar canonical and non-canonical functions, or are 

there functional differences among individual family members?

• What is the protein interactome of ATG8s in different vesicles and membrane 

topologies?

• What is the relevance of ATG8s in non-canonical pathways in disease and 

aging?
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Highlights

• Macroautophagy is a conserved cytoprotective process that facilitates 

degradation of damaged or unwanted cellular components and pathogens, 

collectively termed cargo

• ATG8 proteins play key functions during macroautophagy upon conjugation 

to double-membrane vesicles, termed autophagosomes, which sequester cargo 

for lysosomal degradation

• In addition to their canonical functions in macroautophagy, ATG8s also 

function in non-canonical pathways that do not involve autophagosome 

formation, and in such cases, ATG8s can be targeted to single-membrane 

vesicles with roles in divergent processes including cargo degradation and 

secretion

• The canonical and non-canonical functions of ATG8 proteins are regulated, at 

least in part, by the autophagy conjugation machinery and possibly the unique 

interactome that ATG8s have at distinct cellular locations
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Figure 1. Key Figure: Overview of degradative and secretory roles of ATG8 proteins described in 
this review.
ATG8s (green circles) incorporate into intracellular vesicles with degrative fate, including 

autophagosomes (Panel A) and diverse vesicles of endosomal origin (Panels B and C). 

During macroautophagy (Panel A), ATG8s associate with the outer- and inner membrane of 

autophagosomes via canonical conjugation mechanisms (orange text boxes). In the inner 

membrane, ATG8s interact with receptors to recruit cytosolic cargo, such as defective 

mitochondria and protein aggregates. On the outer membrane, ATG8s bind adaptor proteins 

that bring the transport and fusion machinery, allowing directional retrograde transport of 

autophagosomes and fusion with lysosomes for cargo degradation. Via non-canonical 

conjugation mechanisms (purple boxes), ATG8 also incorporate into phagosomes containing 
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components of extracellular origin such as bacteria or apoptotic bodies (Panel B). During 

this process, called LC3-associated phagocytosis (LAP) ATG8s associate to the cytosol-

facing part of the membrane and may play roles in fusion and transport for lysosomal 

degradation. In addition, ATG8s associate to multivesicular bodies (MVB) to recruit 

receptors and facilitate cargo degradation in a process called endosomal microautophagy 

(eMI). Interestingly, ATG8s can also associate with secretory vesicles: small extracellular 

vesicles and secretory autophagosomes, via potentially non-canonical and canonical 

conjugation machineries, respectively. Within MVB, ATG8s participate in the inward 

budding of small extracellular vesicles and recruit RNA-binding proteins by direct 

interaction, to allow their subsequent secretion upon fusion of the MVB with the plasma 

membrane, during a process called LC3-dependent extracellular vesicle loading and 

secretion (LDELS) (Panel D). Within secretory autophagosomes, ATG8s may mostly 

participate in the recruitment of specific transport and fusion machinery, which can facilitate 

directional anterograde trafficking towards the plasma membrane for fusion and cargo 

release to the extracellular media. Some cargo, such as IL-1β can be incorporated in between 

the inner- and outer membranes of autophagosomes for unconventional secretion (Panel E). 

Finally, ATG8s incorporate into amyloid-β-containing endosomes (Panel C). During LC3-

associated endocytosis (LANDO), endosomes containing amyloid-β are endocytosed (1), 

then amyloid-β is delivering to lysosomes for degradation (2) and finally fusion of 

endosomes with the plasma membrane allows the recycling of amyloid-β receptor back to 

the cell surface (3). See text for further details.
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Figure 2. Proposed model of LC3-dependent extracellular vesicle loading and secretion 
(LDELS).
During LDELS, LC3B (green circles) and possibly other ATG8 proteins are delivered to the 

limiting membrane of multivesicular bodies (MVBs) where they specify the loading of 

cargoes including RNA binding proteins (RBPs; blue) into extracellular vesicles for 

secretion outside the cell. This pathway requires neutral sphingomylinase-2 (nSMase2; 

yellow) and LC3B-dependent recruitment of Factor-associated with nSMase2 activity (FAN; 

purple), which may facilitate intraluminal budding via localized ceramide production.
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