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Macroautophagy (herein referred to as autophagy) is an evolutionary ancient mechanism that cul-
minates with the lysosomal degradation of superfluous or potentially dangerous cytosolic entities.
Over the past 2 decades, the molecular mechanisms underlying several variants of autophagy have
been characterized in detail. Accumulating evidence suggests that most, if not all, components of
the molecular machinery for autophagy also mediate autophagy-independent functions. Here, we

discuss emerging data on the non-autophagic functions of autophagy-relevant proteins.

Introduction
From an evolutionary perspective, the convergence of multiple,
biochemically unrelated functions into a single protein consti-
tutes a valuable strategy for organisms to economize genetic
and metabolic resources (Storz, 2016). Nonetheless, there is a
general tendency to attribute unique functions to specific pro-
teins, often reflecting the earliest or most abundant literature
on the topic. As an example, while caspase 3 (CASP3) is globally
recognized as a key effector in apoptosis (Galluzzi et al., 2018a;
Singh et al., 2019), its non-apoptotic role in the differentiation of
multiple cell types (Nakajima and Kuranaga, 2017) is largely un-
derappreciated. The same issue applies to hundreds other
proteins that have been characterized mostly, if not only, in the
context of a single cellular process, including multiple compo-
nents of the molecular machinery for macroautophagy.
Macroautophagy is an evolutionarily conserved stress-respon-
sive process that disposes of superfluous or potentially dangerous
cytosolic entities (e.g., damaged mitochondria, invading patho-
gens) upon sequestration within double-membraned vesicles
(autophagosomes) and delivery to lysosomes for degradation
(Galluzzi et al., 2017a; Levine and Kroemer, 2019) (Figures 1A
and 1B). Two other forms of autophagy have been described: (1)
microautophagy, which involves the delivery of autophagy sub-
strates to lysosomes upon invagination of the lysosomal mem-
brane, and (2) chaperone-medicated autophagy (CMA), which
relies on a specific splicing isoform of lysosomal-associated mem-
brane protein 2 (LAMP2) as a translocase for KFERQ-containing
cytosolic proteins into the lysosomal lumen (Kaushik and Cuervo,
2018; Li et al., 2012a). The molecular apparatus that underlies
these multiple variants of autophagy has been characterized with
increasing precision (Dikic and Elazar, 2018) (Box 1). The crosstalk
between bona fide autophagic responses and multiple other
cellular processes has also been intensively investigated. Thus, it
has become clear that autophagy occupies a central position in
the biology of most eukaryotes, interfacing with the regulation of
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core metabolism (He etal., 2012; Sousa et al., 2016), damage con-
trol (Fernandez et al., 2018; Khaminets et al., 2015; Mathew et al.,
2007), and cell death (Green et al., 2014; Wang et al., 2012; Wei
et al., 2013). Until recently, however, relatively little attention has
been given to the possibility that components of the autophagy
apparatus could mediate non-autophagic functions (Levine and
Kroemer, 2019).

Along with methodological issues linked to widely employed
approaches to measure degradative macroautophagy (from
here onward referred to as autophagy) (Evans et al., 2018b),
such under-appreciation of biological complexity may have
considerably confounded the interpretation of hundreds of exper-
iments investigating the impact of autophagy on several physio-
logical and pathological states (Figures 1C and 1D). In particular,
this may have led investigators to misattribute phenotypic or func-
tional effects caused by the pharmacological or genetic perturba-
tion of single autophagy-regulatory factors to autophagy as a
process (Galluzzi et al., 2017b). Accumulating evidence suggests
indeed that most, if not all, components of the molecular appa-
ratus for autophagy mediate one or multiple effects that do not
depend on lysosomal degradation of autophagy substrates (Ta-
ble 1). In particular, autophagy-relevant proteins mediate non-au-
tophagic effects that impinge on cellular functions linked to
membrane biology, such as (1) endocytosis, phagocytosis, and
intracellular vesicular trafficking; (2) conventional and non-con-
ventional secretion; and (3) cytokinesis, as well as on (at least
apparently) membrane-unrelated functions, such as (1) inflamma-
tory and immune responses, (2) cell death, (3) genomic stability,
and (4) cell proliferation (Table 2). Moreover, several pathogens
acquired the ability to hijack non-autophagic functions of the
autophagy machinery for their own benefit, suggesting that such
functions may have appeared early in the course of host-pathogen
co-evolution (Choi et al., 2018; Evans et al., 2018a).

Here, we discuss emerging data on non-autophagic functions
of components of the molecular apparatus for autophagy.
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Figure 1. Degradative Autophagic Responses, Autophagy Blockade, and Non-autophagic Functions of Autophagy Machinery
(A) In physiological conditions, autophagosomes form (1) and successfully fuse with lysosomes (2) at baseline rates, underling the ability of autophagy to support

normal cellular functions.

(B) In the presence of an autophagic stimulus such as nutrient deprivation, the rate of autophagosome formation (3), autophagosome-lysosome fusion, and
lysosomal degradation increases (4), resulting in accelerated degradation of autophagic substrates.
(C) Autophagosomes also accumulate in the absence of an upstream autophagic stimulus (5) when lysosomal functions are inhibited (6), such as in the presence

of lysosomotropic agents.

(D) Finally, the autophagosome compartment expands, driven by an upstream stimulus (7), when autophagosomal content is destined to secretion, either upon (8)
orindependent of (9) fusion with lysosomes in the absence of lysosomal degradation. Thus, widely employed assays only based on the maturation of LC3 not only
are unable to determine whether an expansion of the autophagosomal compartment compared to baseline (A) reflects upstream autophagy activation coupled to
efficient lysosomal degradation (B) or downstream inhibition of autophagosome-lysosome fusion or lysosomal acidification (C), but also they cannot identify
situations in which activation of upstream autophagy-relevant signaling modules mediate non-autophagic effects (D).

Endocytosis and Phagocytosis

Autophagy relies on the formation, maturation, and subcellular
relocalization of autophagosomes, ultimately resulting in their
fusion with lysosomes (Galluzzi et al., 2017a). Not surprisingly,
several components of the molecular machinery for autophagy
regulate vesicular trafficking, including endocytosis and phago-
cytosis, often as signaling modules (Figure 2).

Independently of their pro-autophagic functions, phosphatidy-
linositol 3-kinase catalytic subunit type 3 (PIK3C3, best known
as VPS34), phosphoinositide-3-kinase regulatory subunit 4
(PIBKR4, best known as VPS15), and beclin 1 (BECN1) promote
endocytosis and endosome maturation. UV radiation resis-
tance-associated (UVRAG), a pro-autophagic BECN1 activator,
also favors endocytosis through interactions with the class C
vacuolar protein-sorting tethering complex and consequent in-
crease in RAB7A activity (Liang et al., 2008; Pirooz et al., 2014).
Initially, such an effect, which involves accelerated endosomal
maturation, was believed to be unrelated to BECN1 and the
VPS34 complex (Liang et al., 2008). However, at least in some
cell types, VPS34 and VPS34 interactors involved in the control

of growing membranes, including BECN1, VPS15, and SH3
domain containing GRB2 like, endophilin B1 (SH3GLB1, best
known as BIF-1), have been implicated in this process, with no
apparent roles for other VPS34 regulators such as ATG14 and
RUN and cysteine-rich domain containing beclin 1 interacting pro-
tein (RUBCN) (McKnight et al., 2014; Thoresen et al., 2010). Thus,
while mice with a cerebellum-specific knockout of Atg7 exhibit a
neurodegenerative disorder that develops over multiple months,
the deletion of Becn1 from the same cellular compartment im-
poses rapid neurodegeneration (McKnight et al., 2014). Most
likely, this difference reflects the endocytic defect imposed by
the loss of BECN1, leading to alterations in growth factor receptor
signaling (McKnight et al., 2014). Reinforcing this notion, downre-
gulation of BECN1 (which is a common event in human tumors)
(Tang et al., 2015; Yue et al., 2003) has been associated with
increased AKT serine/threonine kinase 1 (AKT1) signaling in
breast cancer cells (Rohatgi et al., 2015). Such an observation
could be ascribed to defective endosomal maturation in
BECN1-incompetent cells, resulting in increased residency of
growth factor receptors at phosphatidylinositol 3-phosphate
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Box 1. Principles of Autophagy Regulation in Mammals

Canonical autophagic responses, which are best exemplified by starvation-driven autophagy, can be schematically subdivided into five phases: (1)
initiation, (2) phagophore nucleation, (3) phagophore expansion and substrate selection, (4) autophagosome-lysosome fusion, and (5) lysosomal
substrate degradation (Galluzzi et al., 2017b). During initiation, the bioenergetic stress imposed by decreased nutrient availability manifests with
increasing AMP levels, resulting in the activation of AMPK and consequent (1) inactivating phosphorylation of mechanistic target of rapamycin
(MTOR) complex 1 (MTORC1) and (2) direct activating phosphorylation or indirect activating dephosphorylation (as a consequence of MTORC1 in-
hibition) of multiple proteins involved in initiation (e.g., ATG13, ULK1) and nucleation (e.g., ATG14, AMBRA1, UVRAG, BECN1). In this setting, ULK1
operates as part of a multiprotein complex containing ATG13, ATG101, and FIP200. ULK1-, AMPK-, and MTORC1-related phosphorylation/dephos-
phorylation events trigger phagophore nucleation (mostly at the ER) upon PI3P production by a supramolecular complex with class Il PI3K activity
consisting of VPS34 (the catalytic subunit), VPS15, BECN1, AMBRA1, and/or UVRAG, coupled to recruitment of ATG9-containing vesicles. The ac-
tivity of this complex is under tonic inhibition by BCL2, reflecting the ability of BCL2 to engage in physical inhibitory interactions with BECN1.
Phagophore elongation involves two ubiquitin-like conjugation systems. On one hand, ATG7 and ATG10 operate sequentially to catalyze the for-
mation of ATG12-ATG5:ATG16L1 complexes. On the other hand, ATG4, ATG7, and ATG3 cooperate to cleave the precursors of LC3-like proteins
into their mature forms, followed by conjugation to phosphatidylethanolamine (PE) and recruitment to autophagosomes forming with the support of
WIPI proteins. LC3 and LC3 homologues enable autophagosomes with the ability to bind autophagic substrates and/or proteins that mediate cargo
selectivity (including p62). Indeed, while autophagic responses to nutrient deprivation are relatively non-selective, multiple other variants of auto-
phagy exhibit exquisite substrate specificity. On closure, autophagosomes fuse with lysosomes to generate autolysosomes, generally followed
by luminal acidification and consequent activation of lysosomal hydrolases that mediate substrate degradation. This latter step, which appears
to involve (at least to some extent) the conjugation systems responsible for elongation (Tsuboyama et al., 2016), is critical to discriminate bona
fide autophagic responses from autophagy-independent functions of the autophagic machinery (Galluzzi et al., 2017a).
P, inorganic phosphate.
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(PI3P)-negative signaling-competent endosomal compartments  the autophagic functions of UVRAG (He et al., 2013). However,

(Rohatgi et al., 2015). The function of BECN1 and UVRAG in endo-
cytosis appears to be evolutionarily conserved (Lee et al., 2011;
Shravage et al., 2013).

PI3P-bound UVRAG localizes to the endoplasmic reticulum
(ER), where it interacts with RAD50 interactor 1 (RINT1) to consti-
tute a tethering platform for vesicles coming in from the Golgi
apparatus (GA) in the context of retrograde transport (He et al.,
2013). Both downregulation of UVRAG and PI3P depletion cause
defects in Golgi-to-ER retrograde transport that are not linked to
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autophagy induction by starvation and rapamycin results in the
redistribution of UVRAG from RING1-containing complexes
to BECN1-, VPS34- and BIF-1-containing complexes and conse-
quent ATG9 recruitment at sites of autophagosome production
(He et al., 2013). This scenario exemplifies the mutual regulation
of two biological functions based on the limited availability of a
common molecular player. Interestingly, Uvrag~'~ mouse mela-
noma cells display significant whitening as compared to their
wild-type counterparts, a phenotype that cannot be recapitulated



Table 1. Non-autophagic Functions of Core Components of the Autophagy Apparatus

Protein Autophagic Role Non-autophagic Role(s) References
AMBRA1 Nucleation ADCD Strappazzon et al., 2016
ATG12 Elongation ADCD; Exosome secretion; LAP; Haller et al., 2014; Hwang et al., 2012; Liu et al., 2013; Martinez et al.,
Pathogen control 2015, 2016; Murrow et al., 2015; Rubinstein et al., 2011; Sanjuan
et al., 2007
ATG13 Initiation ADCD; Pathogen control Gao et al., 2011; Mauthe et al., 2016
ATG14 Nucleation ADCD Liu et al., 2013
ATG16L1 Elongation Exosome secretion; LAP; Phagocytosis; Guo et al., 2017; Hwang et al., 2012; Martinez et al., 2015, 2016;
Pathogen control; PRR signaling Murrow et al., 2015; Sanjuan et al., 2007; Selleck et al., 2015; Sorbara
et al., 2013; Xiong et al., 2015
ATG3 Elongation Cell proliferation; Exosome Martinez et al., 2015, 2016; Murrow et al., 2015; O’Sullivan et al., 2016;
secretion; LAP Sanjuan et al., 2007
ATG4B Elongation Granule exocytosis; LAP DeSelm et al., 2011; Martinez et al., 2015, 2016; Sanjuan et al., 2007
ATG5 Elongation ADCD; Cell proliferation; Exosome DeSelm et al., 2011; Dupont et al., 2011; Goodall et al., 2016; Guo et al.,
secretion; Granule exocytosis; 2017; Hwang et al., 2012; Kim et al., 2013; Kimmey et al., 2015; Kimura
Immunological memory; LAP; etal.,2017; Liu et al., 2013; Martinez et al., 2015, 2016; O’Sullivan et al.,
Non-canonical protein secretion; 2016; Patel et al., 2013; Pei et al., 2015; Puleston et al., 2014; Sanjuan
Pathogen control; Vision cycle et al., 2007; Xu et al., 2014; Zhang et al., 2015; Zhao et al., 2008
ATG7 Elongation ADCD; Cell proliferation; Cytokine DeSelm et al., 2011; Goodall et al., 2016; Henault et al., 2012; Hwang
secretion; Exosome secretion; Granule etal.,2012; Lee et al., 2012; Liu et al., 2013; Martinez et al., 2015, 2016;
exocytosis; Immunological memory; Murrow et al., 2015; Patel et al., 2013; Pei et al., 2015; Puleston et al.,
LAP; Pathogen control; PRR signaling 2014; Sanjuan et al., 2007; Selleck et al., 2015; Shrivastava et al., 2015;
Xu et al., 2014
ATG9 Initiation ADCD; Phagocytosis Imagawa et al., 2016; Tung et al., 2010; Xiong et al., 2015
BECN1 Nucleation ADCD; LAP; Centrosome functions; Elgendy et al., 2014; Kim et al., 2013; Liu et al., 2013; Martinez et al.,
Cytokinesis; Endocytosis; Vision cycle 2015, 2016; McKnight et al., 2014; Rohatgi et al., 2015; Park et al.,
2014; Sanjuan et al., 2007; Shravage et al., 2013; Thoresen et al., 2010;
You et al., 2016
BIF-1 Nucleation Cytokinesis; Endocytosis Thoresen et al., 2010
FIP200 Initiation Pathogen control Mauthe et al., 2016
IRGM Unclear ADCD Singh et al., 2010
LC3 Cargo selection  Bacterial replication®; Cytokine secretion; Alirezaei et al., 2015; Al-Younes et al., 2011; DeSelm et al., 2011; Kim
Granule exocytosis; LAP; Pathogen etal., 2013; Martinez et al., 2015, 2016; Patel et al., 2013; Sanjuan et al.,
control; Vision cycle; Viral replication; 2007; Selleck et al., 2015; Sin et al., 2017; Wong et al., 2008
Viral release
NDP52 Cargo selection  Pathogen control Selleck et al., 2015
p62 Cargo selection  ADCD; Pathogen control Goodall et al., 2016; Selleck et al., 2015
RAB7A Fusion Endocytosis; Exosome secretion; DeSelm et al., 2011; Dupont et al., 2011; Jaé et al., 2015; Liang et al.,
Granule exocytosis; Non-canonical 2008; Pirooz et al., 2014
protein secretion
RUBCN Nucleation LAP; Vision cycle Martinez et al., 2015, 2016; Muniz-Feliciano et al., 2017; Sanjuan
et al., 2007
ULK1 Initiation Cytokine secretion; ER-to-GA Joo et al., 2016; Li et al., 2016; Wang et al., 2018
anterograde transport
ULK2 Initiation ER-to-GA anterograde transport Joo et al., 2016; Wang et al., 2018
UVRAG Initiation Cell proliferation; Centrosome functions;  Afzal et al., 2015; He et al., 2013; Lee et al., 2011; Liang et al., 2008;
Cytokinesis; DNA repair; Endocytosis; Martinez et al., 2015, 2016; McKhnight et al., 2014; Pirooz et al., 2014;
GA-to-ER retrograde transport; LAP; Sanjuan et al., 2007; Thoresen et al., 2010; Yang et al., 2016, 2018;
Melanogenesis Zhao et al., 2012
VPS15 Nucleation Cytokinesis; Endocytosis Thoresen et al., 2010
VPS34 Nucleation ADCD; Cytokinesis; Endocytosis; Goodall et al., 2016; He et al., 2013; Liu et al., 2013; Martinez et al.,

GA-to-ER retrograde transport; LAP

2015, 2016; McKnight et al., 2014; Sanjuan et al., 2007; Thoresen et al.,
2010; You et al., 2016

ADCD, autophagy-dependent cell death; ER, endoplasmic reticulum; GA, Golgi apparatus; LAP, LC3-associated phagocytosis; PRR, pattern recog-
nition receptor.
#Referring to bacteria replicating in the cytoplasm of infected cells
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Table 2. Major cellular functions involving components of the autophagy machinery

Functions

Protein

Autophagic Role

References

Related to membrane biology

Cytokine secretion

Cytokinesis

Endocytosis

ER-to-GA anterograde
transport

Exosome secretion

GA-to-ER retrograde
transport

Granule exocytosis

LAP

Melanogenesis

Non-canonical
protein secretion

ATG7
ULK1
BECN1
BIF-1
UVRAG
VPS15
VPS34
ULK1
BECN1
BIF-1
RAB7A
UVRAG
VPS15
VPS34
ULK1
ULK2
ATG12
ATG16L1
ATG3
ATG5
ATG7
RAB7A
VPS34
UVRAG
ATG4B
ATG5
ATG7
LC3
RAB7A
ATG12
ATG16L1
ATG3
ATG4B
ATG5
ATG7
BECN1
LC3
RUBCN
UVRAG
VPS34
UVRAG
ATG5
RAB7A
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Elongation
Initiation
Nucleation
Nucleation
Initiation
Nucleation
Nucleation
Initiation
Nucleation
Nucleation
Fusion
Initiation
Nucleation
Nucleation
Initiation
Initiation
Elongation
Elongation
Elongation
Elongation
Elongation
Fusion
Nucleation
Initiation
Elongation
Elongation
Elongation
Cargo selection
Fusion
Elongation
Elongation
Elongation
Elongation
Elongation
Elongation
Nucleation
Cargo selection
Nucleation
Initiation
Nucleation
Initiation
Elongation
Fusion

Henault et al., 2012; Li et al., 2016

Thoresen et al., 2010; You et al., 2016

Lee et al., 2011; Liang et al., 2008; McKnight et al., 2014; Pirooz
et al., 2014; Rohatgi et al., 2015; Shravage et al., 2013; Thoresen et al., 2010

Joo et al., 2016; Wang et al., 2018

Guo et al., 2017; Jaé et al., 2015; Murrow et al., 2015; Shrivastava et al., 2015

He et al., 2013

DeSelm et al., 2011; Patel et al., 2013

Martinez et al., 2015, 2016; Sanjuan et al., 2007

Yang et al., 2018
Dupont et al., 2011; Kimura et al., 2017; Zhang et al., 2015

(Continued on next page)



Table 2. Continued

Functions Protein Autophagic Role References
Pathogen control® ATG12 Elongation Hwang et al., 2012; Kimmey et al., 2015; Mauthe et al., 2016; Selleck
ATG13 Initiation et al., 2015; Zhao et al., 2008
ATG16L1 Elongation
ATG5 Elongation
ATG7 Elongation
FIP200 Initiation
LC3 Cargo selection
NDP52 Cargo selection
p62 Cargo selection
Pathogen replicationb LC3 Cargo selection Al-Younes et al., 2011; Alirezaei et al., 2015; Sin et al., 2017; Wong et al., 2008
and release
Phagocytosis ATG16L1 Elongation Tung et al., 2010; Xiong et al., 2015
ATGY9 Initiation
Vision cycle ATG5 Elongation Muniz-Feliciano et al., 2017; Kim et al., 2013
Others
ADCD AMBRA1 Nucleation Elgendy et al., 2014; Gao et al., 2011; Goodall et al., 2016; Haller et al., 2014;
ATG12 Elongation Imagawa et al., 2016; Lee et al., 2012; Rubinstein et al., 2011; Singh et al., 2010;
ATG13 Initiation Strappazzon et al., 2016
ATG14 Nucleation
ATGS Elongation
ATG7 Elongation
ATG9 Initiation
BECN1 Nucleation
IRGM Unclear
p62 Cargo selection
VPS34 Nucleation
Cell proliferation ATG3 Elongation Afzal et al., 2015; O’Sullivan et al., 2016; Pei et al., 2015
ATG5 Elongation
ATG7 Elongation
UVRAG Initiation
Centrosome functions BECN1 Nucleation Park et al., 2014
DNA repair UVRAG Initiation Yang et al., 2016; Zhao et al., 2012
Immunological ATG5 Elongation Puleston et al., 2014; Xu et al., 2014
memory ATG7 Elongation
PRR signaling ATG7 Elongation Henault et al., 2012; Sorbara et al., 2013
ATG16L1 Elongation
BECN1 Nucleation
LC3 Cargo selection
RUBCN Nucleation

ADCD, autophagy-dependent cell death; ER, endoplasmic reticulum; GA, Golgi apparatus; LAP, LC3-associated phagocytosis; PRR, pattern recog-

nition receptor.
2Partially unrelated to membrane biology

PReferring to the replication of pathogens in the cytoplasm of infected cells

by ATG5, ATG16L1 or BECN1 depletion, or pharmacological
VPS34 inhibition (Yang et al., 2018). In this context, loss of UVRAG
destabilizes a supramolecular entity involved in endosome-to-
melanosome fusion commonly known as BLOC-1 complex, an
effect that is not sensitive to lysosomal inhibition (Yang et al.,
2018). At least in some cells, a BECN1- and UVRAG-containing,

ATG14-independent PI3K complex has also been suggested to
participate in the control of cytokinesis, the final stage of mitosis
whereby daughter cells separate once their nuclei have divided
(Thoresen et al., 2010; You et al., 2016). These latter observations
reinforce the notion that multiple modules of the autophagy appa-
ratus regulate the rearrangement of cellular membranes.
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Figure 2. Molecular Interface between
Autophagy and Membrane Biology
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Multiple components of the molecular machinery
for autophagy mediate non-autophagic functions
linked to the rearrangement and trafficking of
intracellular membranes independently of bona
fide autophagic responses. In this setting, different
supramolecular entities can be assembled around
components of the class Il phosphatidylinositol
3-kinase complex that drives autophagy (A) to
differentially regulate specific non-autophagic
functions, including LC3-associated phagocytosis
(C), endocytosis (C), melanogenesis (D), cytoki-
nesis (E), and GA-to-ER transport (F).

ER, endoplasmic reticulum; GA, Golgi apparatus;
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PI3P, phosphatidylinositol 3-phosphate.
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(RB1CCA1, best known as FIP200), which
are all involved in autophagy, but relies
on RUBCN, NAPDH oxidase 2, and
the WD domain of ATG16L1, which are
all dispensable for autophagy (Fletcher
et al.,, 2018; Martinez et al., 2015, 2016;
Rai et al., 2018). Thus, the deletion of
Becn1, Atg5, or Atg7 (but not Rbiccl)
from myeloid cells drives an autoimmune
disorder similar to human systemic lupus
erythematosus (SLE), which can be reca-

E Cytokinesis F

GA-to-ER transport

pitulated by the whole-body knockout of

% VPS34 UVRAG

VPS34
BECN1

/

Rubcn but not by that of Ulk1 (Martinez
et al.,, 2016). Similarly, the myeloid cell-
specific deletion of Becn1, Pik3c3, Atg5,
Atg7, or Atg16/1 (but not Rbiccl or
Atg14) as well as the whole-body
knockout of Rbcn or Cybb (coding for a
subunit of NADPH oxidase 2), but not
Ulk1, promotes anti-tumor T cell immunity
as a consequence of improved inflamma-
tory responses to dead cell corpses

RINT1

UVRAG

A specific form of phagocytosis engaged by several pathogens
and dead cell corpses, which is known as LC3-associated
phagocytosis (LAP), depends on several proteins involved in
bona fide autophagic responses (Martinez et al., 2015, 2016; San-
juan et al., 2007). These include not only UVRAG, BECN1, and
VPS34, which promote autophagy as a part of a single supramo-
lecular entity, but also ATG3, ATG4, ATG5, ATG7, ATG12,
ATG16L1, and multiple members of the microtubule-associated
protein 1 light chain 3 (MAP1LCS3, best known as LC3) family,
which are all involved in the two major conjugation systems
required for canonical autophagy (Box 1) (Martinez et al., 2015,
2016; Sanjuan et al., 2007). Importantly, LAP differs from bona
fide autophagy in that (1) it targets to lysosomal degradation
extracellular entities that never acquire a cytosolic localization
and (2) it relies on single-membraned vesicles (Galluzzi et al.,
2017a). Moreover, LAP occurs independently of unc-51 like
autophagy-activating kinase 1 (ULK1), autophagy and beclin 1
regulator 1 (AMBRAT1), ATG14, and RB1-inducible coiled-coil 1
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(Cunha et al., 2018). In the retinal epithe-

lium, BECN1, ATG5, RUBCN, and LC3
are required for the phagocytosis of photoreceptor outer seg-
ments (POS), which is fundamental for normal vision (Kim et al.,
2013; Muniz-Feliciano et al., 2017). This process, however,
occurs independently of ULK1, ATG13, and FIP200, which are
all required for conventional autophagic responses (Kim et al.,
2013). Thus, at least some of the phenotypes originating from
the depletion of the aforementioned proteins may stem from de-
fectsin LAP, not autophagy, especially in the context of pathogen
control and disposal of cell corpses (Heckmann et al., 2017).
Interestingly, the orthologs of ATG9 and ATG16L1 also mediate
autophagy-independent pro-phagocytic effects in Dictyostelium
discoideum, a simple eukaryote that transitions from unicellular
to multicellular life over the course of its vital cycle (Tung et al.,
2010; Xiong et al., 2015). Along with the notion that autophagy
is conserved in both unicellular eukaryotes and plants (Ustiin
et al.,, 2017), this observation suggests that both the auto-
phagy-dependent and autophagy-independent functions of the
autophagic machinery may have appeared early during evolution.



Conventional and Non-conventional Secretion

Conventional protein secretion involves the anterograde trans-
port of ER-derived vesicles to the GA, vesicle trafficking from
the cis though the trans GA, and ultimately, fusion of vesicles
released from the trans GA with the plasma membrane (Braak-
man and Bulleid, 2011). Although this process has been inten-
sively investigated, only recently it has become clear that, at
least in some cell types, components of the autophagic machin-
ery are required for conventional protein secretion.

Mice with a brain-specific co-deletion of Ulk7 and Ulk2 are
born at Mendelian ratios yet die rapidly after birth (40% in the first
24 h) owing to massive degeneration of pyramidal neurons in the
CA1 region (Joo et al., 2016). Mice with conditional Ulk1/Ulk2
co-deletion in the brain surviving the first 24 h after birth
resemble their Atg5- and Atg7-deficient counterparts as they
display abnormal limb-clasping reflexes, but they do not develop
cerebellar ataxia, suggesting that the neuronal phenotype
caused by the lack of Ulk7 and Ulk2 may not result from an auto-
phagic defect (Joo et al., 2016). Indeed, Ulk1~/~Ulk2~'~ neurons
do not exhibit accumulation of autophagic substrates such as
sequestosome 1 (SQSTM1, best known as p62) but manifest
signs of the unfolded protein response (Joo et al., 2016; Wang
et al., 2018), an intracellular pathway of adaptation to accumula-
tion of unfolded polypeptides in the ER lumen (Galluzzi et al.,
2018b). Consistently, both ULK1 and ULK2 can phosphorylate
SEC16 homolog A, endoplasmic reticulum export factor
(SEC16A) to drive the anterograde transport of ER-derived ves-
icles to the GA, and this pathway is insensitive to depletion of
ATG13 (which is required for the pro-autophagic functions of
ULKs), ATG14, and ATG7 (Joo et al., 2016). Of note, neurode-
generation imposed by Ulk1/Ulk2 co-deletion is also accompa-
nied by defective axonal pathfinding affecting multiple areas of
the forebrain, and similar alterations cannot be recapitulated
by the brain-specific deletion of Atg7 or Rbicc1 (Wang et al.,
2018). However, to what extent these defects in axonal
projection reflect secretory alterations in post-synaptic cells as
opposed to primary deficiencies in pre-synaptic cells remains
to be clarified. In apparent contrast with the observations dis-
cussed here above, ULK1 is not required for the secretion of
type | interferon (IFN) by plasmacytoid dendritic cells (pDCs)
exposed to DNA-immunoglobulin complexes, whereas ATG?7 is
required (Henault et al., 2012). In this setting, however, ATG7
does not promote anterograde ER-to-GA vesicle trafficking but
enables pDCs to take up DNA-immunoglobulin complexes via
LAP, followed by Toll-like receptor 9 (TLR9) signaling at acidified
phagosomes (Henault et al., 2012). Intriguingly, Atg1, the ortho-
log of mammalian ULK1 in Drosophila melanogaster, is also
involved in JNK-driven secretion of mitogens that underlies
apoptosis-induced compensatory proliferation, an effect that
does not depend on multiple other components of the
autophagy machinery in flies including Atg3, Atg6 (the BECN1
ortholog), Atg8 (the LC3 ortholog), and Vps34 (Li et al., 2016).
Moreover, Caenorhabditis elegans lacking the worm homolog
of mammalian ULKT1 (i.e., unc-51) display axonal defects that
resemble those of Ulk1~/~Ulk2~'~ neurons (Hedgecock et al.,
1985). These observations suggest that the autophagy-indepen-
dent functions of ULKs in conventional secretion evolved early
during evolution.

In contrast to Atg5~'~ and Atg7 '~ neurons, colonic goblet
cells lacking Atg5, Atg7, or Map1ic3b exhibit a secretory defect
causing accumulation of intracellular mucin granules (Patel et al.,
2013). In this context, secretory alterations reflect the inability of
goblet cells lacking Atg5, Atg7, or Map1/c3b to produce reactive
oxygen species (ROS) in sufficient amounts to drive granule
exocytosis, secondary to a defect in the formation of NADPH
oxidase-competent subcellular compartments at the interface
between autophagosomes and endosomes (Patel et al., 2013).
Along similar lines, cells unable to form non-conventional
ATG3-ATG12 conjugates, which are formed by ATG7 but are
not involved in bona fide autophagic responses, accumulate au-
tophagosomes and late endosomes in baseline conditions,
coupled to reduced exosomal output (Murrow et al., 2015). A
similar phenotype results from the deletion of Atgh or Atg1611
(but not Atg7 or Atg14) from mouse embryonic fibroblasts
(MEFs) as well as from the deletion of ATG5 from human breast
cancer cells, where it limits exosome-driven metastatic dissem-
ination (Guo et al., 2017). However, in the former setting, ATG3-
ATG12 appears to drive exosome secretion upon interaction
with the exosomal protein programmed cell death 6 interacting
protein (PDCDG6IP, best known as ALIX) (Murrow et al., 2015),
while in the latter scenario, ATG5 appears to disrupt endosomal
acidification by disassociating the V,Vy-ATPase, resulting in
diversion of late endosomes toward secretion (rather than lyso-
somal degradation) (Guo et al., 2017). In some cases, ATG7
seems to be required for optimal exosome release (potentially
linked to its role in ATG3-ATG12 conjugation) (Murrow et al.,
2015; Shrivastava et al., 2015), while in other settings, exosome
release operates normally in the absence of ATG7 (Guo et al.,
2017; Sahu et al, 2011). Irrespective of such unknowns,
these observations link multiple components of the autophagy
machinery to exosome secretion via autophagy-independent
mechanisms.

The hypothesis that autophagy-relevant proteins could be
involved in the release of intracellular material into the microen-
vironment irrespective of lysosomal degradation has first been
formulated in the setting of “non-canonical secretion,” a form
of secretion of cytosolic entities devoid of leader peptides for
ER translocation (Rabouille, 2017). One of the substrates of
non-conventional secretion is mature interleukin 1 beta (IL1B,
best known as IL-1B), which is produced in the cytosol of cells
with pro-inflammatory activity (like macrophages) upon proteo-
lytic maturation of the IL-1B precursor by the NLRP3 inflamma-
some (Rathinam and Fitzgerald, 2016). Bone-marrow-derived
macrophages treated with nigericin (an inflammasome activator)
secrete increased amounts of IL-1B in conditions of nutrient
deprivation (as compared with nigericin-treated macrophages
maintained in control conditions), and IL-1f secretion can be
quenched by Atg5 deletion (Dupont et al., 2011). ATG5-depen-
dent IL-1B secretion appears to rely on recognition of two
KFERQ-like motifs by heat shock protein 90 alpha family class
A member 1 (HSP90AA1), resulting in the relocalization of
IL-1B between autophagosomal membranes, potentially ex-
plaining why IL-13 does not undergo degradation within autoly-
sosomes in this context (Zhang et al., 2015). Another (hitherto
untested) possibility is that ATG5 may prevent IL-13 degradation
by subverting autolysosomal acidification, reminiscent of the
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non-autophagic pathway whereby ATG5 regulates exosome
production (Guo et al., 2017). It has been proposed that IL-18
release ultimately depends on the fusion between autophago-
somes or autolysosomes and the plasma membrane (Kimura
et al., 2017). However, this model cannot be easily reconciled
with the fact that gasdermin D (GSDMD), a core component of
the molecular mechanism for pyroptosis (Box 2), is also required
for IL-1B secretion by macrophages (Heilig et al., 2018). How
components of the autophagy machinery interface with pyropto-
sis regulators to control the non-canonical release of IL-1B
remains to be elucidated.

A similar release of lysosomal material that depends on
several components of the molecular apparatus for autophagy
(i.e., ATG5, ATG7, ATG4B, and LC3), but does not involve
bona fide degradation of autophagy substrates, has been linked
to osteoclastic bone resorption (DeSelm et al., 2011). In both
non-conventional protein secretion and exosome secretion,
members of the RAB protein family mediate the fusions of auto-
phagosomes or lysosomes with the plasma membrane (DeSelm
et al.,, 2011; Dupont et al., 2011; Jaé et al., 2015). Since RAB
proteins are also involved in bona fide autophagic responses
(Galluzzi et al., 2017a), however, they cannot be employed to
molecularly discriminate between autophagy-dependent and
autophagy-independent pathways. Clarifying the precise sig-
nals whereby formed autophagosomes are routed to secretion
(directly or upon fusion with non-acidifying lysosomes) instead
of delivering their content to disposal will be instrumental for
the development of pharmacological agents with various clin-
ical applications.

Inflammation and Innate Immunity

Bona fide autophagic responses mediate robust anti-inflam-
matory functions as they dispose of potential triggers of
inflammation, including (but not limited to) cytosolic patho-
gens, micronuclei, and permeabilized mitochondria (Levine
et al.,, 2011). In addition, various components of the auto-
phagy machinery regulate inflammatory responses and
contribute to intracellular pathogen control via autophagy-in-
dependent pathways.

While both Atg5~'~ MEFs and MEFs expressing an autophagy-
incompetent variant of ATG16L1 (ATG16L1-ACCD) exhibit defec-
tive autophagic responses to starvation, the former produce
increased amounts of cytokine C-X-C motif chemokine ligand 1
(CXCL1) upon infection with cytoplasm-invading bacteria (as
compared to wild-type MEFs), whereas the latter display a sub-
optimal pro-inflammatory response (Sorbara et al., 2013). Knock-
down of ATG16L1-ACCD restores the ability of autophagy-
deficient MEFs to secrete CXCL1 in response to infection
(Sorbara et al., 2013), supporting a non-autophagic role of
ATG16L1 in the regulation of inflammatory responses. Consistent
with this, transient knockdown of ATG16L1, but not ATG5, exac-
erbated CXCL1 secretion by mouse intestinal epithelial cells
challenged with Shigella flexneri, Listeria monocytogenes, or
Salmonella enterica serovar Typhimurium, an effect that could
not be recapitulated with lysosomal inhibitors (Sorbara et al.,
2013). In this setting, both full-length ATG16L1 and ATG16L1-
ACCD, but neither ATG5 nor ATG9, bind to nucleotide binding
oligomerization domain containing 1 (NOD1) and NOD2, two
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intracellular sensors of bacterial invasion, to limit their ability to
initiate receptor interacting serine/threonine kinase 2 (RIPK2)
signaling in the presence of specific NOD1/NOD2 ligands or
cytoplasmic bacteria detected by NOD1/NOD2, but not to
TLR4 agonists or tumor necrosis factor (TNF) (Sorbara et al.,
2013). These findings delineate an anti-inflammatory function of
ATG16L1 that occurs irrespective of autophagosome formation
and lysosomal degradation.

Apparently at odds with its anti-inflammatory role in the course
of bacterial infection, ATG16L1 supports the ability of IFN-y to
control infection in an autophagy-independent manner (Hwang
et al., 2012; Selleck et al., 2015). In particular, ATG16L1, ATG7,
LC3, p62, and calcium binding and coiled-coil domain 2
(CALCOCQO2, another protein involved in cargo selection, best
known as NDP52) cooperate to encapsulate cytoplasmic Toxo-
plasma gondiii (a eukaryotic parasite) in multi-membraned vesicles
that efficiently blunt parasite replication but do not fuse with endo-
somes or lysosomes (Selleck et al., 2015). In this context, ATG5
appears to promote the recruitment of an IFN-y-responsive
GTPase to parasite-encapsulating vesicles, which is required for
the optimal anti-infectious effects of IFN-y (Zhao et al., 2008). It re-
mains unclear whether the autophagy-independent functions of
ATG16L1 and ATGS5 in the control of T. gondii infection require
the formation of the ATG12-ATG5-ATG16L1 complex. In partial
support of this possibility, both ATG7, which catalyzes the
ATG12-ATG5 conjugation, and the ATG12-ATG5-ATG16L1 com-
plex are required for the control of murine norovirus infection by
macrophages exposed to IFN-y (Hwang et al., 2012), via a mech-
anism that does not rely on ATG4-dependent LC3 processing,
autophagosome-lysosome fusion, or lysosomal degradation
(Hwang et al., 2012). Conversely, expression of ATG5 (but not of
ATG7, ATG12, and ATG16L1 nor of ULK1, ULK2, ATG3, ATG4,
ATG14, and p62) in lysozyme 2 (LYZ2)* cells (encompassing
monocytes, macrophages, and neutrophils) is required for mice
to control infection by Mycobacterium tuberculosis (Kimmey
et al., 2015). In this setting, ATG5 mediates autophagy-indepen-
dent functions that prevent the development of severe lung
inflammation driven by the release of multiple cytokines by
polymorphic mononuclear cells (PMNs) (Kimmey et al., 2015).
Consistent with this, mice with a LYZ2-restricted deletion of
Atg5 (as well as mice where Atg5 is deleted only in PMNs) suc-
cumb prematurely to M. tuberculosis infection, and this can be
rescued by PMN depletion (Kimmey et al., 2015). The precise
molecular mechanisms linking ATGS5 to reduced inflammatory re-
sponses in PMNs challenged to M. tuberculosis remain obscure.
However, because ATG7, ATG12, and ATG16L1 are not involved
in this process (Kimmey et al., 2015), the findings outlined
above raise the intriguing possibility that bona fide autophagic
responses may be detrimental in this setting as they could limit
the availability of unbound ATGS5. This hypothesis awaits experi-
mental verification.

Components of the autophagy initiation complex (Box 1)
have also been shown to mediate antiviral effects in an auto-
phagy-independent manner. In particular, the replication of
encephalomyocarditis virus (EMCV) and coxsackievirus B3
(CVBB3) is enhanced in both Atg73~~ and Rb1cc1™'~ MEFs
(as compared with their wild-type counterparts), but a similar
effect cannot be observed upon deletion of Ulk1, Ulk2,



Box 2. Principles of Cell Death Regulation in Mammals

Mammalian cells are provided with a complex molecular machinery that mediates their demise, a process commonly referred as regulated cell death
(RCD) (Galluzzi et al., 2018a). RCD occurs in both fully physiological and pathological settings. In the former case, RCD is instrumental to organismal
development and homeostasis, as it ensures organ morphogenesis and adult tissue turnover. In the latter case, RCD is a consequence of failing
adaptation to stress. That said, stress-driven RCD can also be viewed as a mechanism for the maintenance of organismal homeostasis, as it un-
derlies the removal of damaged, non-functional, and potentially oncogenic cells (Galluzzi et al., 2018b). The molecular mechanisms whereby
mammalian cells undergo RCD in physiological and pathological scenarios exhibit considerable overlap. Extrinsic apoptosis is a form of RCD initi-
ated by plasma membrane receptors through activation of CASP8, and precipitated by CASP3 or other executioner caspases, like CASP6 or
CASP7. Intrinsic apoptosis also relies on CASP3, CASP6, or CASP7, but it is initiated by perturbations of intracellular homeostasis culminating
with activation of pro-apoptotic BH3-only proteins and BAX- or BAK1-dependent mitochondrial outer membrane permeabilization (MOMP). Mito-
chondrial permeability transition (MPT)-driven regulated necrosis (RN) is initiated by the opening of a mitochondrial supramolecular entity known as
permeability transition pore complex (PTPC) in response to oxidative stress or cytosolic Ca®* overload and is precipitated by peptidylprolyl isom-
erase F (PPIF, best known as CYPD). Parthanatos is a form of regulated necrosis impinging on PARP1 hyperactivation, which entails a bioenergetic
catastrophe coupled to the release of apoptosis-inducing factor mitochondria associated 1 (AIFM1; best known as AlF) from mitochondria and its
translocation to the nucleus, where it mediates nucleolytic effects. Necroptosis is regulated by the RIPK3-dependent (and in some instances RIPK1-
regulated) phosphorylation of MLKL, resulting in the formation of plasma-membrane-permeabilizing MLKL pores. Ferroptosis is triggered by oxida-
tive perturbations, relies on lipid peroxidation, and is under tonic control by glutathione peroxidase 4 (GPX4). Pyroptosis is a form of RN impinging on
the cleavage or gasdermin family members, such as gasdermin D (GSDMD) or GSDME, by inflammatory (i.e., CASP1, CASP4, CASP5, or CASP11)
and apoptotic (i.e., CASP3) caspases often occurring in the context of IL-1f and IL-18 secretion. Lysosome-dependent cell death (LDCD) is a form of
RCD demarcated by primary lysosomal membrane permeabilization (LMP) and precipitated by cathepsins, such as cathepsin B (CTSB) and CTSD.
Finally, autophagy-dependent cell death (ADCD) relies on one of multiple components of the autophagy machinery (Galluzzi et al., 2018a). Of note,
the etiological involvement of lysosomal degradation of autophagy substrates in ADCD has not been exhaustively verified, at least in mammalian
settings. Thus, several variants of ADCD may actually constitute autophagy-independent pathways under the control of one or more components
of the molecular apparatus for autophagy.

Endogenous
Cell Death Mode Prototypic Trigger Main Initiator(s) Main Executor(s) Inhibitor(s) Defining Event(s) Main Morphology
ADCD Various Various Various Unclear Dependence on Vacuolated
autophagy proteins
Extrinsic Death receptor CASP8 or CASP3, CASPS6, CFLAR and Caspase activation Apoptotic
apoptosis ligation CASP10 and CASP7 anti-apoptotic
BCL2 proteins
Ferroptosis System xc inhibition Iron Oxidative damage to GPX4 Lipid peroxidation  Necrotic
macromolecules
Intrinsic Intracellular stress ~ Pro-apoptotic CASP3, CASP6, Anti-apoptotic MOMP and Apoptotic
apoptosis BCL2 proteins and CASP7 BCL2 proteins caspase activation
LDCD Lysosomotropic Unclear CTSB and CTSD CSTB and LMP Apoptotic or
agents CSTC necrotic
MPT-driven RN Oxidative stress PTPC CYPD Unclear MPT Necrotic
Necroptosis TNFR1 ligation RIPK1 and MLKL Unclear MLKL Necrotic
under caspase RIPK3 oligomerization
inhibition
Parthanatos DNA damage PARP1 AIF and bioenergetic  Unclear PARP1 Necrotic
catastrophe driven by hyperactivation
NAD+ depletion
Pyroptosis Inflammasome CASP1, CASP3, GSDMD or GSDME Unclear Gasdermin Necrotic
activation CASP4, or CASP5 oligomerization

CFLAR, CASP8 and FADD-like apoptosis regulator; CST, cystatin; TNFR1 (official name, TNFRSF1A), TNF receptor superfamily member 1A.

Atg101, or Atg7 (Mauthe et al., 2016). Consistently, trans-
gene-enforced overexpression of ATG13 or FIP200 in
HEK293 human kidney cancer cells considerably limits viral
replication in the absence of ULK1 activation (Mauthe et al.,
2016). Of note, the lack of Atg73 and Rb7cc1 does not influ-
ence viral entry but rather boosts intracellular replication
from 2- to 5-fold (Mauthe et al., 2016). Whether such an effect

depends on the ability of autophagy-related factors to regu-
late intracellular membranes, which is often hijacked by path-
ogens (see below), remains to be elucidated.

Cell Death

In mammalian cells, bona fide autophagic responses most often
mediate robust cytoprotective effects (Boya et al., 2005;
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Rybstein et al., 2018). Indeed, while several instances of
regulated cell death (RCD) (Box 2) rely on one or multiple auto-
phagy-relevant proteins, hence constituting forms of auto-
phagy-dependent cell death (ADCD) according to recent nomen-
clature guidelines (Galluzzi et al., 2018a), in none of these cases
does ADCD involve lysosomal degradation. Thus, at odds with
ADCD in lower eukaryotes, which involves bona fide autophagic
degradation (Berry and Baehrecke, 2007; Denton et al., 2009),
ADCD in mammals stands out as an autophagy-independent
pathway under the control of the autophagy machinery.

Neurons subjected to ischemic conditions and various human
cancer cell lines exposed to nutrient deprivation or to a cell-per-
meant peptide that displaces BECN1 from inhibitory interactions
with BCL2, apoptosis regulator (BCL2) (Box 1) undergo a variant
of ADCD that relies on the plasma membrane Na*/K* ATPase,
which has been dubbed autosis (Liu et al., 2013). Accordingly,
neriifolin (@ Na*/K* ATPase inhibitor of the family of cardiac
glycosides) mediates robust neuroprotective effects in rats
experiencing cerebral hypoxia-ischemia (Liu et al., 2013).
Autosis occurs irrespective of BCL2-associated X, apoptosis
regulator (BAX)- or BCL2 antagonist/killer 1 (BAK1)-dependent
mitochondrial outer membrane permeabilization (MOMP) (Liu
etal., 2013), and hence, it does not constitute a form of apoptotic
cell death. Rather, autosis relies on ATG5, ATG7, ATG12,
ATG14, and BECN1 as well as the PI3K activity of VPS34 (Liu
et al., 2013). However, pharmacological inhibition of lysosomal
functions fails to rescue human cervical carcinoma Hela cells
from autosis (Liu et al., 2013), strongly suggesting that autosis
occurs independently of bona fide autophagic responses.

ATG5, ATG7, and VPS34-dependent PI3P production are
required for the necroptotic death (Box 2) of Map3k7 '~ mouse
prostate epithelial cells (MPECs), which lack a signal transducer
in the pathway linking death receptor signaling to NF-kB activa-
tion, best known as TAK1, caused by exposure to TNF super-
family member 10 (TNFSF10, best known as TRAIL) (Goodall
et al., 2016). Such necroptotic response is exacerbated, rather
than blunted, by chemical inhibitors of lysosomal degradation
(Goodall et al., 2016), pointing to a non-autophagic role for
ATG5, ATG7, and VPS34 in this setting. Consistently, multiple
components of the RIPK1- and RIPK3-containing complex that
drives necroptosis colocalize with ATG5, ATG7, and p62 at auto-
phagosomes in Map3k7 '~ MPECs responding to TRAIL (Good-
all et al., 2016). Moreover, depletion of p62 from Map3k7 '~
MPECs switches TRAIL-driven necroptosis to apoptosis, which
can be rescued with chemical caspase inhibitors (Goodall et al.,
2016). Thus, in the absence of TAK1, autophagosomes favor
necroptotic cell death by providing a physical platform for the
activation of necroptosis, independent of autophagic substrate
degradation.

Autophagy regulators also influence non-necroptotic forms of
regulated necrosis. Developing Atg9a '~ embryos fail to mani-
fest foci of cell death at the surface of multiple bones, resulting
in impaired bone morphogenesis (Imagawa et al., 2016). Such
foci of dying cells fail to exhibit CASP3 activation and mixed line-
age kinase domain like pseudokinase (MLKL) phosphorylation
(Box 2) and can still be observed in Casp9~~ and Ripk1™'~ em-
bryos, implying that they do not originate from intrinsic apoptosis
or necroptosis (Imagawa et al., 2016). Moreover, Atg5~'~ em-
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bryos exhibit normal bone morphogenesis at birth, implying
that ATG9 regulates a programmed variant of necrosis irrespec-
tive of canonical autophagy (Imagawa et al., 2016). Along similar
lines, Ulk1~~ MEFs are protected from hydrogen-peroxide-
driven RCD, but this phenotype cannot be recapitulated by the
deletion of Atg7 (Joshi et al, 2016). Rather, hydrogen-
peroxide-driven RCD can be prevented by chemical inhibition
or depletion of poly(ADP-ribose) polymerase 1 (PARP1) (Joshi
et al., 2016), a mediator of parthanatos (Box 2). Moreover,
ULK1 physically interacts with PARP1, especially in cells re-
sponding to oxidative stress, and such interaction stimulates
the enzymatic functions of PARP1 to precipitate the bioenergetic
catastrophe that underlies parthanatos (Joshi et al., 2016).
Consistent with these observations, ATG13 silencing and
consequent ULK1 destabilization limits the death of human oste-
osarcoma cells responding to the topoisomerase inhibitor camp-
tothecin (Gao et al., 2011). Although the involvement of PARP1 in
the ability of ULK1 to support camptothecin toxicity has not been
clarified, circumstantial evidence exists in support of such a link
(Das et al., 2016).

Various autophagy regulators control apoptotic forms of
RCD in an autophagy-independent manner. Immunity-related
GTPase M (IRGM), the only human paralog of a large cluster of
murine IFN-y-regulated genes (Bekpen et al., 2005), not only
participates in the autophagic control of M. tuberculosis driven
by IFN-y (Singh et al., 2006) but, upon infection, also translo-
cates to mitochondria to initiate MOMP (Singh et al., 2010).
Importantly, RCD caused by IRGM occurs irrespective of
BECN1 or ATG7 but can be rescued by co-deletion of Bax and
Bak1 (Singh et al., 2010). Whether the ability of IRGM to trigger
MOMP depends on a direct physical interaction with BAX and/
or BAK1 versus the inactivation of anti-apoptotic Bcl-2 family
members remains to be elucidated. This latter mechanism ac-
counts for the pro-apoptotic effects of ATG12 (Rubinstein
et al., 2011). Indeed, ATG12 contains a bona fide BH3 domain
that enables ATG12 to interact with BCL2 and MCL1, BCL2 fam-
ily apoptosis regulator (MCL1), ultimately resulting in BAX/BAK1-
dependent RCD irrespective of ATG3, ATG4, and ATGS5 (Haller
et al., 2014; Rubinstein et al., 2011). Both BECN1 and AMBRA1
also contain a bona fide BH3 domain (Oberstein et al., 2007,
Strappazzon et al., 2016). However, while interaction between
BECN1 and BCL2 or BCL2-like 1 (BCL2L1, best known as
BCL-X,) mainly regulates autophagic responses (Maiuri et al.,
2007; Pattingre et al., 2005), a cleavage product of AMBRA1
generated over the course of apoptosis appears to precipitate
RCD upon BCL2 binding (Strappazzon et al., 2016). The reasons
underlying such a discrepancy are unclear but may relate to the
differential binding affinity of the AMBRA1 and BECN1 BH3 do-
mains for Bcl-2 family members. BECN1 also competes with
MCL1 for stabilization by ubiquitin specific peptidase 9 X-linked
(USP9X) (Elgendy et al., 2014). In this setting, increased levels of
MCL1 limit BECN1 deubiquitination, hence favoring BECN1
proteasomal degradation. Such a simultaneous inhibition of
autophagy and apoptosis has been documented in progressing
melanomas (Elgendy et al., 2014). Conversely, high levels of
BECN1 favor the proteasomal degradation of MCL1, culminating
with increased cellular susceptibility to apoptotic RCD (Elgendy
et al., 2014).



ATG7 can also regulate apoptotic RCD irrespective of degra-
dative autophagy. Specifically, ATG7 can bind tumor protein p53
(TP53, best known as p53) to regulate p53 transcriptional activity
(Lee et al., 2012). Consistently, Atg7 '~ MEFs as well as Atg7 '~
MEFs reconstituted with an autophagy-incompetent variant of
ATG7 (but not Atg5~'~ and Becn1~~ MEFs) display defective
p53-dependent cyclin dependent kinase inhibitor 1A (CDKN1A,
best known as p21) expression and consequent cell-cycle arrest
during starvation (Lee et al., 2012). Interestingly, this phenotype
is accompanied by accrued ROS generation and oxidative DNA
damage, culminating in premature p53-driven, BAX/BAK1-
dependent RCD (Lee et al., 2012). Of note, p53 hyperactivation
caused by the absence of ATG7 participates in the perinatal
lethality of Atg7 '~ mice (Lee et al., 2012). These observations
delineate an autophagy-independent mechanism whereby
ATG7 regulates the activity of p53, both positively (as a conse-
quence of physical interactions) and negatively (reflecting the
establishment of accrued metabolic stress). The ultimate meta-
bolic catastrophe promoted by the absence of ATG7 irrespective
of bona fide autophagic responses may reflect the ability of p53
to support the maintenance of metabolic homeostasis at base-
line (Kruiswijk et al., 2015). This hypothesis awaits experimental
validation.

Genomic Stability and Cell Proliferation

Uvrag™~ embryonic stem cells spontaneously accumulate DNA
double-strand breaks and are more sensitive to DNA-damaging
agents than their Uvrag*’* counterparts (Zhao et al., 2012). Simi-
larly, human melanoma cells depleted of UVRAG display
increased sensitivity to UV-driven DNA photolesions (Yang
et al., 2016). Moreover, UVRAG-deficient MEFs are prone to
centrosome abnormalities and consequent mitotic defects that
favor aneuploidy (Zhao et al., 2012). Thus, UVRAG supports ge-
netic and genomic stability. Notably, neither of these phenotypes
is the result of autophagic defects associated with UVRAG down-
regulation (Yang et al., 2016; Zhao et al., 2012), even though bona
fide autophagic responses are known to contribute to the mainte-
nance of genomic homeostasis (Karantza-Wadsworth et al.,
2007; Mathew et al., 2009). Indeed, Atg5’/’ MEFs are equally
sensitive to UVRAG depletion with regards to DNA damage and
centrosome dysfunction as their wild-type counterparts (Yang
etal., 2016; Zhao et al., 2012). Rather, the genoprotective effects
of UVRAG reflect its ability to support non-homologous end-
joining (a form of DNA repair specific for DSBs) by binding to
the catalytic subunit of the DNA-dependent protein kinase
(DNA-PK) complex, to promote the repair of UV-driven DNA pho-
tolesions following interaction with damage-specific DNA binding
protein 1 (DDB1), and to regulate centrosome functions upon
binding to centrosomal protein 63 (CEP63) (Yang et al., 2016;
Zhao et al., 2012). All these activities are molecularly and func-
tionally independent of the capacity of UVRAG to bind BECN1
and hence stimulate autophagy (Yang et al., 2016; Zhao et al.,
2012). In line with this notion, UVRAG is often affected by mono-
allelic mutations in colorectal and gastric carcinomas with high
degrees of genomic instability (so-called microsatellite instable),
but these mutations fail to affect autophagic responses (Knae-
velsrud et al., 2010). Similarly, a truncated variant of UVRAG ex-
pressed by some CRCs has been associated with an autophagy-

independent DNA repair defect and consequent increased
sensitivity to genotoxic chemotherapy (He et al., 2015). BECN1
appears to share with UVRAG the ability to regulate centrosome
functions in an ATG5-independent manner, especially in the
context of DNA damage (Park et al., 2014). Whether the physical
interaction between UVRAG and BECNT1 is required for centro-
some regulation by UVRAG remains to be elucidated.

Uvrag™~ T cells also display defects in homeostatic prolifera-
tion that cannot be related to the autophagic functions of UVRAG
and cannot be explained by the alterations imposed by the
absence of Atg5 or Atg7 (encoding another core component,
the autophagy machinery) (Afzal et al., 2015). Thus, Uvrag abla-
tion compromises CD8™ T cell responses to lymphocytic chorio-
meningitis virus (LMCV) in the absence of major alterations in
autophagic flux (Afzal et al., 2015). The deletion of Atgs or
Atg7 similarly impairs the survival of effector CD8" T cells and
their ability to establish immunological memory upon challenge
(Puleston et al., 2014; Xu et al., 2014). Moreover, the conditional
deletion of Atg3, Atg5, or Atg7 from the CD4* cellular compart-
ment, which encompasses CD4" T cells as well as multiple pop-
ulations of innate lymphoid cells (ILCs), or from the NKp46*
compartment, corresponding to ILCs only, imposes a major
defect in homeostatic proliferation to multiple ILC populations
(O’Sullivan et al., 2016; Pei et al., 2015). Importantly, although
the defects imposed on T lymphocytes and ILCs by the deletion
of Atg3, Atg5, or Atg7 are generally attributed to compromised
autophagic responses (Clarke and Simon, 2019), no strict exper-
imental evidence in support of this interpretation is currently
available. Thus, it is tempting to speculate that ATG3, ATG5,
and ATG7 resemble UVRAG in its ability to support T cell homeo-
stasis irrespective of bona fide autophagic responses.

Pathogen Invasion

A variety of viruses, including several members of the enterovirus
genus, have evolved strategies to hijack the molecular machin-
ery for autophagy, which often mediates antiviral effects by
promoting the lysosomal degradation of cytosolic virions or
components thereof, (Choi et al., 2018) to their own benefit.
Such strategies go beyond the simple inhibition of autophagic
flux, which would suppress the autophagic disposal of cytosolic
virions but at the same time would render host cells considerably
more sensitive to undergo premature apoptotic cell death and
potentially compromise viral replication (Galluzzi et al., 2008;
Liang et al., 2015; Stewart and Cookson, 2016). Rather, they
involve the modulation of various components of the autophagic
apparatus resulting in (1) increased availability of autophago-
somes or other membranes that support viral replication via
LC3 (Alirezaei et al., 2015; Wong et al., 2008); (2) diversion of
the autophagic flux from lysosomal degradation, as a conse-
quence of compromised interaction between synaptosome
associated protein 29 (SNP29) and pleckstrin homology and
RUN domain containing M1 (PLEKHM1), which normally under-
lies autophagosome-to-lysosome fusion (Mohamud et al., 2018;
Tian et al., 2018); (3) early release of virus-loaded exosome-like
microvesicles that bear autophagosomal markers (Robinson
et al.,, 2014; Sin et al., 2017); and (4) ultimately, activation
of apoptotic cell death for massive viral dissemination (Xin
et al., 2014).
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Figure 3. Non-autophagic Functions of the
Autophagy Apparatus

A large number of autophagy-relevant proteins
mediate non-autophagic effects related to mem-
brane biology and other cellular functions. Inter-
estingly, many of these proteins operate in early
steps of bona fide autophagic responses (e.g.,
initiation, nucleation, and elongation).

ER, endoplasmic reticulum; GA, Golgi apparatus;
LAP, LC3-associated phagocytosis; PRR, pattern
recognition receptor.
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it is unclear why inhibition of autophagy,

The modulation of LC3 or other components of the autophagy
machinery as a means to hijack intracellular membranes for viral
replication in an autophagy-independent manner is an extraordi-
narily common mechanism (as an estimate, 36% of the auto-
phagy-related cellular proteome influence the replication of
one or multiple viruses irrespective of autophagic degradation)
(Mauthe et al., 2016) shared by multiple RNA viruses other than
enteroviruses, including the equine arteritis virus (EAV) (Monas-
tyrska et al., 2013), the hepatitis C virus (Shrivastava et al.,
2015), and coronaviruses (Reggiori et al., 2010). Similarly, LC3
appears to support the intracellular propagation of the bacterial
parasite Chlamydia trachomatis, by a mechanism that can be
fully segregated from increased autophagic flux, which is detri-
mental to the pathogen (Al-Younes et al., 2011). Many DNA
viruses, including members of the adenoviridae and herpesviri-
dae families, have also evolved strategies to control various
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per se, would be beneficial to the path-
ogen. As an alternative, RavZ may oper-
ate to prevent LAP, thus inhibiting the fusion of the replicative
organelle with lysosomes and consequent pathogen eradication.
As soil amoeba are the primary host of Legionella spp. (Richards
et al., 2013), it is tempting to speculate that LAP is a major non-
canonical function for autophagy regulators in such hosts.

Conclusions

Most, if not all, components of the molecular apparatus for auto-
phagy mediate non-autophagic functions (Figure 3). Although at
this point in time some proteins involved in autophagy have not
yet been attributed non-autophagic roles (e.g., ATG2), we sur-
mise that this only reflects our limited knowledge of their biology
and that all components of the autophagy proteome de facto
serve multiple functions. Precisely characterizing the auto-
phagy-independent functions of the autophagy machinery and
their pathophysiological relevance calls for the design of refined



experimental strategies that fully uncouple autophagic versus
non-autophagic activities, such as the generation of mice genet-
ically engineered to express a variant of FIP200 that cannot bind
ATG13 (Chen et al., 2016). This approach relies on in-depth
structure-to-function relationship data that are not available for
all autophagy-relevant proteins and their interactors. Indeed,
considerable attention has been given so far to the structural
characterization of single proteins and protein complexes linked
to degradative autophagy, including ATG3 (Yamada et al., 2007),
ATG4B (Sugawara et al., 2005), BECN1 (Li et al., 2012b), VPS34
(Miller et al., 2010; Rostislavleva et al., 2015), the ATG12-
ATG5:ATG16L1 complex (Noda et al., 2008), LC3B (Sugawara
etal., 2004), and several others. Although these studies provided
profound mechanistic insights into bona fide autophagic re-
sponses (Li et al., 2012b; Satoo et al., 2009) and fostered the
development of targeted inhibitors (Miller et al., 2010; Qiu
etal., 2016), experimental design was often, if not always, biased
toward autophagy-relevant domains and interactions. That said,
it may not always be feasible to molecularly dissociate the auto-
phagic and non-autophagic functions of a specific protein, even
in the presence of detailed data on structure and physical
interactions.

An additional layer of complexity originates from the fact that
several proteins that participate in multiple cellular functions
exist in limiting amounts, implying that the inhibition of one
pathway may result in the hyperactivation of another one. For
instance, displacement of UVRAG from RINT1, which inhibits
retrograde GA-to-ER vesicular trafficking, results in the activa-
tion of autophagy as a consequence of increased UVRAG avail-
ability for binding to BECN1 (He et al., 2013). Moreover, it is likely
that the molecular links between degradative autophagy and
non-autophagic cellular functions may exhibit considerable de-
grees of context dependence (i.e., they may vary considerably
depending on cell type, differentiation stage, etc.). An intriguing
possibility is that cells may actively route disposable cytosolic
material to autophagic degradation versus non-canonical secre-
tion as a means to control the emission of damage signals into
the microenvironment (Galluzzi et al.,, 2017c; Yatim et al,
2017). Although preclinical data in support of this notion is
emerging, additional work is required to clarify the mutual
regulation of autophagy and non-autophagic pathways and its
pathophysiological implications.

Finally, autophagy is a redundant process that can occur via
a plethora of mechanisms, including several variants of macro-
autophagy that do not rely on canonical regulators (e.g., they
occur irrespective of ATG5 or ATG7) (Honda et al., 2014; Ma
et al., 2015; Nishida et al., 2009) as well as microautophagy
and CMA (Galluzzi et al., 2017a). Thus, other variants of auto-
phagy can compensate for the lack of macroautophagy in the
degradation of some substrates, such as ferritin (Goodwin
et al.,, 2017; Mancias et al., 2014). Importantly, the molecular
machinery involved in the degradation of ferritin in this
scenario involves regulators of macroautophagy including
ATG9, FIP200, and VPS34 (Goodwin et al., 2017; Mancias
et al., 2014). Thus, pharmacological inhibitors or genetic inter-
ventions specific for any of these proteins cannot be used to
identify the precise mechanism underlying the autophagic
degradation of ferritin.

Of note, components of the autophagy machinery appear to
mediate non-autophagic functions mostly, although not exclu-
sively, in the context of (1) vesicle uptake, trafficking, release,
and other processes involving membrane rearrangements
(e.g., cytokinesis); and (2) mechanisms for the innate and adap-
tive control of invading pathogens (including the regulated death
of infected cells) (Table 2). Thus, membrane trafficking (in the
extended sense of the term) and pathogen control constitute
the most ancient evolutionary hubs for autophagy to interact
with non-autophagic functions. In line with this notion, auto-
phagy-independent effects for the orthologs of mammalian
ULK1, UVRAG, BECN1, ATG9, and ATG16L1 in endocytosis,
phagocytosis, and secretion have been documented in lower eu-
karyotes (Hedgecock et al., 1985; Lee et al., 2011; Li et al., 2016;
Shravage et al., 2013; Tung et al., 2010; Xiong et al., 2015). More-
over, the majority of autophagy-related proteins with non-auto-
phagic functions operate at early phases of degradative auto-
phagy (i.e., initiation, nucleation, and elongation) (Table 1).
Taken together, these observations may suggest that an ancient
molecular machinery regulating basic membrane functions (e.g.,
phospholipid insertion, curvature regulation) in lower eukaryotes
may have diversified to control broad cellular processes (e.g.,
phagocytosis, vesicular trafficking, autophagy) while retaining
shared molecular components.

In summary, autophagy stands out as a key process for the
lysosomal degradation of cytosolic entities that is highly inter-
connected with several other biological functions. Such a
connection does not only reflect the key role of bona fide auto-
phagic responses in the maintenance of metabolic homeostasis
but also the ability of multiple autophagy-relevant proteins to
mediate non-autophagic functions. We surmise that elucidating
such molecular crosstalk in detail will provide important insights
into the pathophysiology of multiple disorders and potentially
foster the identification of actionable therapeutic targets.
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