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CELL BIOLOGY

Many roads lead to CASM: Diverse stimuli
of noncanonical autophagy share a unifying

molecular mechanism

Joanne Durgant and Oliver Florey*t

Autophagy is a fundamental catabolic process coordinated by a network of autophagy-related (ATG) proteins.
These ATG proteins also perform an important parallel role in “noncanonical” autophagy, a lysosome-associated
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signaling pathway with key functions in immunity, inflammation, cancer, and neurodegeneration. While the non-
canonical autophagy pathway shares the common ATG machinery, it bears key mechanistic and functional
distinctions, and is characterized by conjugation of ATG8 to single membranes (CASM). Here, we review the
diverse, and still expanding, collection of stimuli and processes now known to harness the noncanonical autophagy
pathway, including engulfment processes, drug treatments, TRPML1 and STING signaling, viral infection, and
other pathogenic factors. We discuss the multiple associated routes to CASM and assess their shared and distinctive
molecular features. By integrating these findings, we propose an updated and unifying mechanism for noncanonical

autophagy, centered on ATG16L1 and V-ATPase.

INTRODUCTION

Canonical autophagy, or macroautophagy, is a fundamental cata-
bolic process through which intracellular material is degraded to
maintain homeostasis, with vital functions in health and disease (1).
The underlying autophagy (ATG) machinery comprises a diverse
collection of proteins, from protein and lipid kinases to lipid trans-
fer proteins and ubiquitin-like conjugation systems, which act in
concert to target cargoes for lysosomal degradation (2). These
cargoes, which include aggregated proteins, damaged organelles,
and certain intracellular pathogens, are enwrapped by autophago-
somes and directed to the lysosome for digestion, nutrient retrieval,
and recycling.

The ATGS protein family, consisting of ubiquitin-like proteins
LC3A/B/C and GABARAP/L1/L2, function as key components of
the autophagy machinery (3). During macroautophagy, the ATG8s
are conjugated to the lipid, phosphatidylethanolamine (PE), on
forming double-membrane autophagosomes (4). This distinctive
modification is critical for autophagosome cargo selection, elonga-
tion, and closure and represents a defining hallmark event, widely
used to detect and assay for autophagy.

Through pioneering work from the Green Lab, and many subse-
quent studies, we now appreciate that many ATG proteins also
“moonlight,” performing critical functions in other parallel processes
(5). “Noncanonical” autophagy is an important alternative pathway,
defined by the conjugation of ATG8s to single membranes (CASM)
(6). CASM targets membranes of the endolysosomal system for
ATGS conjugation, implicating this hallmark event in noncanonical
autophagy too and linking ATG proteins to an even broader range
of degradative processes with shared links to the lysosome. In this
review, we use the terms noncanonical autophagy and CASM somewhat
interchangeably, the former being well established in the literature
and the latter capturing the specific molecular features.
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It is clear that the noncanonical autophagy/CASM pathway
displays broad functional significance, with key roles identified
in the immune system, vision, cancer and neurodegeneration, and
evolutionary conservation (7-13). We are also developing an in-
creasingly detailed understanding of the molecular mechanisms
that underlie and define this important autophagy-related signaling
pathway.

In this review, we bring together the results of multiple studies,
on multiple processes, from multiple laboratories, to propose an
updated and unifying mechanism for the induction of noncanonical
autophagy/CASM by diverse stimuli.

MOLECULAR FEATURES OF CASM

Canonical and noncanonical autophagy represent closely related,
parallel pathways, which not only share overlapping molecular
machineries but also bear important differences. In this section, we
review the key molecular features that distinguish these alternative
branches of ATG-related signaling (Fig. 1).

Membranes: Canonical versus noncanonical autophagy

A key distinction between canonical and noncanonical autophagy
pathways involves the membranes which they target. During canonical
autophagy, the ATG machinery nucleates, expands, and seals
de novo, double-membrane autophagosomes using membrane
derived from endoplasmic reticulum, mitochondria, or recycling
endosomes (14-16). In contrast, noncanonical autophagy targets
preformed, single-membrane vesicles or compartments of the endo-
lysosomal system, including phagosomes, macropinosomes, late
endosomes, and lysosomes (17). This defining feature of noncanonical
autophagy has been clearly demonstrated by many groups using
correlative light electron microscopy (CLEM) (18-21).

ATG machinery: Canonical versus noncanonical autophagy

The autophagy machinery comprises a complex collection of ATG
proteins, which facilitate autophagosome formation and matura-
tion during macroautophagy. Without the need to initiate de novo
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Fig. 1. Molecular features of autophagy-related pathways. Schematic diagram highlighting the differences in molecular machinery and membrane target between
canonical macroautophagy and noncanonical autophagy. BafA1, bafilomycin A1; Wm, wortmannin; IN-1, Vps34 inhibitor 1. Figure generated using Biorender.com

autophagosome formation, noncanonical autophagy is independent
of much of the upstream autophagy machinery, including ULK1/2,
FIP200, ATG13, ATG9, WIPI2, and ATG14L1 (11, 12, 19). However,
the core ubiquitin-like conjugation systems that support ATGS8
lipidation to membranes, including ATG3, ATG4, ATG5, ATG?7,
ATG10, ATG12, and ATG16L1, are all similarly essential for CASM
and thus shared between macroautophagy and noncanonical auto-
phagy (11, 12, 19).

The differential involvement of these distinct subsets of ATG
proteins has been widely used to implicate noncanonical autophagy
in specific biological phenotypes through comparative studies of
different mouse knockout strains. For instance, a dependence on
ATG5/7 and an independence of ULK1/FIP200 are characteristics
of noncanonical autophagy used to define its role in inhibiting
auto-inflammatory responses to dying cells (11).

ATG16L1: A molecular hub that dissects canonical

and noncanonical pathways

ATGI16L1, in complex with ATG5 and ATG12, forms part of the
core ATG machinery, critical in specifying the membrane site of
ATGS8 lipidation, during both canonical and noncanonical autophagy
(8, 22). During macroautophagy, ATGI16L1 is recruited to forming
phagophores through its interactions with FIP200 and the PI3P
effector WIPI2 (23, 24). Binding to both of these proteins is mediated
by the central FIP200 binding domain (FBD) of ATG16L1, and
deletion or mutation of this region reduces macroautophagy accord-
ingly. Importantly, however, the FBD region and binding to WIPI2
or FIP200 are not required for CASM (8). Instead, the C-terminal
WD40 domain of ATG16L1 is essential to support noncanonical
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autophagy while conversely being dispensable for macroautophagy
(8, 18, 25). This differential dependence on distinct ATG16L1
domains can be used to uncouple the closely related canonical and
noncanonical autophagy pathways.

This important discovery provided a previously unknown single
system that can cleanly dissect these distinct lipidation pathways.
ATGI16L1 WD40 deletion mice have thus been generated and used
to demonstrate a role for CASM in influenza infection (26) and
antigen presentation (8) and in preventing neurodegeneration (27).
Further mutational analysis has honed in on critical individual residues
within the ATG16L1 WD40 domain, including K490 and F467,
which are indispensable for CASM but have no effect on macro-
autophagy (8). A refined ATG16L1 K490A knock-in single mutant mouse
strain has recently been developed, which is specifically deficient
for CASM (20). This model targets noncanonical autophagy as pre-
cisely as possible and reduces the number of mouse strains required
to study this pathway, saving on animal numbers and reducing as-
sociated cost implications.

Several proteins have been identified that can bind to the
ATGI16L1 WD40 domain, including TMEM59 (28), A20 (29), IL-10Rb
and IL-2Ry (30), ubiquitin (31), C3 (32), and IFT20 (33), suggest-
ing that it may act as a signaling hub, directing ATG16L1 to differ-
ent sites within the cell and/or with different partners competing
for engagement. Importantly, a critical protein-protein interac-
tion has been identified between the ATG16L1 WD40 domain and
vacuolar-type H'-adenosine triphosphatase (V-ATPase) (34), which
plays a pivotal role during CASM in a variety of contexts. These
finds are discussed further in the “A unifying mechanism for
CASM” section.
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Alternative lipidation of ATG8s (LC3s and GABARAPs)

A hallmark feature of all autophagy-related pathways is the lipida-
tion of ATG8s through conjugation of the C-terminal glycine to a
phospholipid (35). This unusual posttranslational modification can
be read out through immunofluorescence, as a relocalization of
ATGS from cytosol to membrane, or by SDS-polyacrylamide gel
electrophoresis/Western blotting, where the lipidated ATG8-II
form migrates faster than the unlipidated ATG8-I form (36, 37).
These analytical techniques represent the most commonly used
methods for monitoring both macroautophagy and CASM. However,
the shared nature of the conjugation machinery has, historically,
made it impossible to distinguish between these two pathways by
tracking ATGS lipidation alone.

Seminal work in yeast, and then mammalian cells, used mass
spectrometry and thin-layer chromatography to identify PE as
the sole lipid target conjugated to ATG8 during macroautophagy
(35, 38, 39). A second lipid, phosphatidylserine (PS), contains the
requisite N-terminal amino group for conjugation to ATGS, and
this alternative conjugation can be catalyzed in vitro (39). However,
only ATG8-PE conjugation could be detected in vivo, and it was
long assumed to be the exclusive modification associated with all
autophagy processes.

In a recent study, we revisited this assumption and compared the
lipid species associated with ATG8 conjugation in macroautophagy
and CASM directly (6). Consistent with previous studies, we also
found macroautophagy to be exclusively associated with ATGS8-
PE. Notably, however, we discovered that CASM drives the alterna-
tive conjugation of ATG8s to both PE and PS, in response to multiple
stimuli, and in all ATGS isoforms. These findings challenged the
existing dogma of PE exclusivity and revealed ATGS8-PS as a poten-
tial “molecular signature” for CASM.

Many open questions remain in relation to differential ATGS8
lipidation. For instance, is ATG8-PS formed in all examples of
CASM? ATG8-PS has been detected during phagocytosis, influenza
A virus (IAV) infection, and monensin treatment, but other CASM
stimuli such as TRPMLI or STING (stimulator of interferon genes)
agonists have yet to be tested. Furthermore, the mechanism directing
selectivity toward PE or PS conjugation is yet to be fully under-
stood. One simple model suggests that the lipid composition of the
target membrane determines the species conjugated, with endo-
lysosomal membranes showing a relative enrichment for PS (40).
However, recent lipidomic analyses have detected both PE and PS
on isolated autophagosomes, implying that additional means of
regulation likely contribute (41). It is conceivable that subcellular
conditions, in the vicinity of target membranes, might also influ-
ence the process, as has been detected in vitro, where ATG8-PS
conjugation is favored by a more alkaline environment and inhibited
at neutral pH and by certain phospholipid compositions (42, 43). It
also remains possible that additional factors influence lipid selectivity,
such as conformational changes in ATG3 localized at different
target membranes. It will be of great interest to investigate this area
in more detail.

A key molecular difference between ATG8-PE and ATG8-PS
relates to subsequent lipid deconjugation by dual activity ATG4
proteases. In both in vitro liposomes and cellular systems, ATG4D,
and to some extent ATG4B, deconjugates LC3A-PS less efficiently
than LC3A-PE (6). This points to significant, isoform-specific
differences between the ATG4s, as well as to altered kinetics for
alternatively lipidated ATG8s during CASM versus macroautophagy.
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During LC3-associated phagocytosis (LAP), the ratio between
LC3A-PS and LC3A-PE increases over time, suggesting that ATG8-PS
is the longer-lived species. What this means for the function of
CASM remains to be fully determined. Persistent ATG8-PS could
perhaps drive the prolonged recruitment of ATG8-interacting pro-
teins at endolysosomal membranes and/or the recruitment of an
ATG8-PS-specific subset of binding partners. Future work will
be needed to delineate the functional consequences of alternative
ATGS lipidation.

The distinctive pharmacology of CASM: Bafilomycin

The V-ATPase is a highly conserved proton pump that acidifies
lysosomes, enabling hydrolase activation and degradation (44).
Bafilomycin Al (BafA1l) is a V-ATPase inhibitor, which raises lyso-
somal pH, disrupting lysosomal degradation and blocking auto-
phagic flux (45). In the presence of BafAl, canonical autophagy
proceeds, and autophagosomes accumulate, yielding increased levels
of lipidated ATG8s from this pathway. In contrast, BafAl potently
inhibits the ATGS lipidation associated with CASM, in response to
a wide range of stimuli (18, 20, 46, 47). BafAl sensitivity is a defining
feature of noncanonical autophagy, which can differentiate this
pathway from macroautophagy. This distinctive pharmacology also
points toward an important role for V-ATPase in CASM (explored
further in the “A unifying mechanism for CASM” section).

The opposing effects of BafAl on canonical and noncanonical
autophagy provide a clear pharmacological means of distinguishing
between these closely related pathways. However, experimentally,
combining pharmacology with appropriate genetic backgrounds is
often the cleanest method of dissecting these pathways. For example,
in wild-type cells, BafAl treatment will increase ATGS lipidation
through canonical autophagy while simultaneously suppressing
ATGS lipidation through CASM. In ATG13 null cells, which are
incompetent for macroautophagy, BafAl inhibition of CASM is
more readily detected.

DIVERSE STIMULI DRIVE NONCANONICAL AUTOPHAGY/CASM
The molecular features summarized above have enabled the identi-
fication and investigation of noncanonical autophagy/CASM, im-
plicating this pathway in a wide, and still expanding, list of processes,
which we review below. For clarity, we have grouped these stimuli
into four broad categories: heterophagic engulfments, pharmaco-
logical treatments, pathogenic factors, and other candidate CASM-
related processes (Fig. 2).

Heterophagy and CASM: ATG proteins eating

frominside and out

Cells ingest extracellular material through a variety of important
engulfment processes, including endocytosis and phagocytosis. These
heterophagic pathways not only vary with respect to their target
cargoes, their associated fates, and their underlying molecular mecha-
nisms but also share common features, including links to CASM
and lysosomes. A level of interplay between heterophagy and auto-
phagy has been suspected for some time, for instance, autophago-
somes can fuse with different parts of the endocytic network.
However, recent work builds more strongly on this notion, indicating
that ATG proteins modulate both the autophagic digestion of intra-
cellular material and the heterophagic processing of extracellular
material, as discussed further below.
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Fig. 2. Diverse routes to noncanonical autophagy and CASM. The diverse stimuli
that are known to promote CASM on endolysosomal-related vesicles are shown.
LANDO, LC3-associated endocytosis; LDELS, LC3-dependent EV loading and secretion.
It is unclear whether ATG8 lipidation associated with LDELS or microautophagy
constitutes a form of CASM. Figure generated using Biorender.com

LC3-associated phagocytosis
Phagocytosis is a receptor-mediated process for the engulfment of
large particulate matter (48). Important cargoes include apoptotic or
necrotic cells, bacterial and fungal pathogens, and opsonized objects.
A range of different receptors, including Toll-like receptors (TLRs),
Fc receptors (FcRs), dectins, and complement receptors (CRs), recog-
nize targets and promote signaling cascades that lead to internalization
within specialized single-membrane compartments called phagosomes
(48). Phagosomes then undergo a series of sequential phosphoinositide
changes and protein recruitments that orchestrate their maturation,
which is associated with acidification and fusion with lysosomes
and, in some cases, generation of reactive oxygen species (ROS).
The primary function of phagocytosis is the degradation of inter-
nalized cargo, which, in the case of pathogens, is critical for killing
and clearance and, in the case of dead cells, removes unwanted
cellular material that would otherwise trigger inflammation. Im-
portantly, signals emanating from the phagocytosis of different
targets can determine the resulting inflammatory response (49).
In a seminal paper, Sanjuan ef al. (13) discovered that phago-
somes are targeted by noncanonical autophagy, in a process they
termed LAP. Multiple groups have since confirmed this observation
and shown that phagosomes housing apoptotic (19, 50) or necrotic
cells (50), a variety of bacterial and fungal pathogens (12, 51-54) or
antibody-opsonized live cells (55), can be lipidated with various ATG8
proteins and that LAP is evolutionarily conserved (19, 50, 56).
Upon infection, LAP appears to represent an important host response
to infection, facilitating the efficient killing and clearance of pathogens
and directing proinflammatory responses (57, 58). However, the exact
downstream molecular mechanisms underlying how LAP orchestrates
these functions remain to be fully understood.
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LC3-associated macropinocytosis

Macropinocytosis is a macroscale endocytic process that mediates
the nonselective, bulk uptake of extracellular fluid and material into
the cell. This process is used by Dictyostelium, and some cancers, as
a mechanism of nutrient acquisition (59, 60), whereby internalized
macromolecules are trafficked to lysosomes for degradation and
recycling to meet metabolic demands. Macropinocytosis is also
commonly used by macrophages and dendritic cells to sample their
surroundings for foreign or unwanted material, which can then be
internalized and targeted to specialized degradative compartments
for antigen presentation (61). Macropinocytosis can also support
the turnover and repair of plasma membrane (62).

A number of studies have demonstrated the targeting of macro-
pinosomes by CASM, in both immune and nonimmune cell types
(8, 19, 63), in a process thus termed LC3-associated macropinocytosis
(LAM). ATG8/LC3 proteins become transiently conjugated to
single-membrane macropinosomes, dependent on the ATGS8 con-
jugation machinery but independent of the upstream ULK1/2
complex (19). The functional outcome of LAM remains to be fully
understood. It is interesting to note that not all macropinosomes
acquire LC3, with only ~50% being targeted in platelet-derived
growth factor (PDGF)-stimulated mouse embryonic fibroblast (MEF)
cells (19). Hence, it is intriguing to consider how macropinosomes
are targeted, and whether their fates, recycling versus degradation,
may perhaps be influenced by their interaction with noncanonical
autophagy.

LC3-associated endocytosis

Endocytosis is another fundamental mechanism through which
extracellular molecules are engulfed and internalized, with critical
cellular roles, such as modulating the degradation and signaling of
different receptors [e.g., epidermal growth factor receptor (EGFR)].
Several endocytic pathways internalize cargo through receptor
interactions, including both clathrin-dependent endocytosis (CDE)
and clathrin-independent endocytosis (CIE) (64). Distinct cargoes
thus enter the endosomal system and are subject to multiple fates,
including degradation and recycling.

Recently, noncanonical autophagy was shown to target special-
ized endosomes involved in the uptake of B-amyloid (AB), through
a process termed LC3-associated endocytosis (LANDO) (27, 65). In
this context, CASM does not regulate the degradation of Ap but
rather the recycling of the receptors involved in A internalization
(TLR4, CD36, and TREM2), which is important in Alzheimer’s
disease and neurodegeneration. Interestingly, CASM may also be
involved in the endocytosis and signaling of the receptor tyrosine
kinase c-Met (66), suggesting that other endocytic cargoes may
harness this LANDO pathway.

Entosis—CASM and cell cannibalism

Entosis is a form of cellular cannibalism in which live and viable
epithelial cells are engulfed and internalized by their neighbors,
yielding “cell-in-cell” structures commonly observed in cancer (67).
A range of tumor-related stimuli, including matrix detachment,
aberrant mitosis, glucose starvation, and ultraviolet radiation, induce
this homotypic form of cell internalization (67-70), and cell-in-cell
frequency correlates with tumor grade. The engulfed cell is then
housed within an entotic vacuole, where it can remain viable inside
its host for many hours. Ultimately, this vacuole matures and fuses
with host cell lysosomes, thereby acidifying and digesting the inner
cell in an act of cellular cannibalism. Hence, entosis represents a
form of nonapoptotic cell death associated with cell competition
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within tumors, which can eliminate internalized “loser” cells with
aberrant properties (e.g., matrix deadhered, inappropriately dividing)
and provide a nutrient source to support “winner” host cell out-
growth (71, 72).

Early studies on entosis revealed, somewhat unexpectedly, that
host cell ATG8/LC3 is transiently lipidated to the entotic vacuole
during the early stages of its maturation (19, 55). Further analysis
revealed that this vacuole is composed of a single membrane, on
which the noncanonical autophagy pathway drives CASM. Interest-
ingly, inhibition of ATG8/LC3 recruitment, via ATG5 or ATG7
knockdown, but independent of FIP200, affects inner cell death
(19), indicating a role for noncanonical autophagy in this form of
“cellular murder” prevalent in cancer.

In summary, a wide range of heterophagic processes are now
known to harness noncanonical autophagy/CASM, indicating that
conserved ATG machinery facilitates the degradation of material
from both inside and outside the cell.

Pharmacological activation of CASM

While most work on noncanonical autophagy has been carried out
in the context of heterophagy, with a particular emphasis on LAP,
alternative stimuli have since been identified that do not involve
macroscale endocytic engulfment. A growing number of studies have
now addressed the activation of CASM by pharmacological agents.
Lysosomotropic drugs

Lysosomotropic drugs are hydrophobic, weakly basic compounds
that are sequestered, and then accumulated, within the lumen of
acidic lysosomes and act to raise their pH and promote their swell-
ing (73, 74). Well known examples, relevant in both research and
the clinic, include the antimalarial and anticancer drugs chloroquine
(CQ) and hydroxychloroquine (75), the local anesthetics lidocaine
and procainamide, and the anti-arrythmia drug betahistine. Many of
these drugs have been implicated previously in modulating mac-
roautophagy (74), with CQ commonly used as a lysosome inhibitor
to block autophagosome flux. However, comprehensive studies have
since demonstrated that all these drugs also robustly induce noncanoni-
cal autophagy, in parallel, as can be shown in an ATG13 null background,
driving CASM directly on endolysosome membranes (6, 47). The
parallel effects of commonly used drugs such as CQ must be con-
sidered carefully during experimental design and interpretation.
lonophores

Similar to lysosomotropic drugs, certain ionophores induce non-
canonical autophagy, in parallel to their effects on autophagic flux
(47). Nigericin and monensin are ionophores that promote the
exchange of potassium and sodium, respectively, for hydrogen ions
across membranes, while carbonyl cyanide 3-chlorophenylhydrazone
is a proton ionophore. These drugs all induce CASM, by altering the
ionic balance of endolysosomes, raising their pH, and driving os-
motic effects, as discussed further below. As with lysosomotropic
drugs, these compounds regulate canonical and noncanonical au-
tophagy pathways simultaneously, so they must be used and inter-
preted with care.

Mechanistically, it is important to note that lysosomotropic
drugs like CQ, and ionophores like monensin, raise lysosomal pH,
similar to BafAl, and yet activate CASM, rather than inhibiting it.
This dichotomy provides an important mechanistic clue, implying
that the CASM inhibitory effect of BafA1 is related to V-ATPase but
independent of its pump activity. We return to this observation in the
“A unifying mechanism for CASM” section for further discussion.
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Osmoticimbalance
The lysosomotropic and ionophore agents noted above all alter ionic
balance, shifting the osmotic properties of intracellular compart-
ments and driving water influx and swelling. Related to this, CASM
induced by CQ or monensin is sensitive to aquaporin inhibition (by
mercury chloride or phloretin), suggesting that these osmotic effects
are mechanistically important (46). Furthermore, cells placed in
hypertonic media undergo rapid LC3 lipidation, indicating that
osmotic imbalance is sufficient to activate CASM (46). Notably,
under these conditions, ATG8/LC3 is only lipidated onto acidic,
lysosomal associated membrane protein 1 (LAMP1)-positive vesicles,
and this process can be inhibited by BafAl. These data imply that
osmotic imbalance is commonly associated with CASM but must act
in concert with, and dependent upon, V-ATPase (see the “A unifying
mechanism for CASM” section).
TRPML1 agonists
Recent work has identified the lysosomal calcium channel TRPML1
as the first specific protein target that can induce noncanonical
autophagy/CASM. Activation of TRPMLL1, with various small-molecule
agonists, is sufficient to drive noncanonical autophagy and ATG8
lipidation directly on lysosome membranes (20). By studying this path-
way, we uncovered an important new function for CASM in the regu-
lation of transcription factor EB (TFEB) and lysosomal biogenesis.
Activation of CASM by TRPMLI agonists, or other lysosomotropic drugs,
activates TFEB in a previously unknown manner, independent of
mechanistic target of rapamycin (mTOR) activity and nutrient regulation.
This alternative mechanism relies on the ATG8 isoform, GABARAP,
binding to the folliculin-interacting protein (FNIP)/folliculin complex.
Lipidation of GABARAP during CASM sequesters this complex away
from the cytosol, relieving its inhibitory effect on the Rag guanosine tri-
phosphatases (GTPases) and thereby permitting TFEB activation (20).
Drugs driving Golgi ATG8 lipidation
Notably, some other drugs have been identified that induce non-
canonical autophagy, including the anti-helminthic drug niclosamide (76)
and AMDE-1 (77), which drive ATG8 lipidation on the Golgi compartment.
The studies described above yield important insights into the
pharmacology of CASM. This will ultimately be important for the
development of drugs to specifically modulate the noncanonical
autophagy pathway, both experimentally and clinically. This body
of work is also highly instructive with respect to molecular mecha-
nisms. While the drugs described above fall into a wide range of
categories, it is notable that all center on the perturbation of ionic,
pH, and osmotic balances within intracellular vesicles to induce
noncanonical autophagy. Moreover, CASM induced by all these
treatments is blocked by BafA 1, pointing to a key role for V-ATPase
(explored in the “A unifying mechanism for CASM” section).
Given the diverse set of pharmacological agents and treatments
that are now known to activate CASM, it is increasingly important to
consider this pathway when examining the autophagy-related re-
sponses to particular drug interventions. Caution is required when
interpreting results, particularly where ATGS lipidation is used solely
as areadout. It seems likely that the role of noncanonical autophagy
has been historically underappreciated in the field due to ambiguity
in this area and that some functions and phenotypes assigned to the
canonical pathway may in fact require CASM as well or instead.

Pathogenic factors, host responses, and CASM
Activation of macroautophagy is a well-established host response to
many bacterial and viral pathogens (57). The pathway is often
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activated as a host defense but can also be usurped by certain patho-
gens to enable their survival. Recent studies have uncovered a similar
interplay between pathogenic factors and noncanonical autophagy,
suggesting that this alternative pathway also plays an important role
in the host pathogen response.
Viruses and CASM
IAV is a single-stranded RNA virus that enters cells via endocytosis
(78). A key factor involved in IAV replication and spread is the M2
protein, an established antiviral target (79). M2 is a viroporin that
inserts into membranes and acts as a pH-gated proton channel (80).
During viral entry, M2 acidifies the viron interior, which facilitates
viron membrane fusion with the endosome, releasing viral RNA
into the cytosol. Following this, the M2 protein remains associated
with the endosomal membrane, and during viral egress, it alters
Golgi pH (81). Recent work has shown that IAV infection, and
specifically the action of M2, promotes noncanonical autophagy on,
as yet, unidentified intracellular vesicles (6, 8, 82). Furthermore, non-
canonical autophagy is important in the host response to IAV (26).
It is tempting to speculate that viroporins from other viruses
may have a similar capacity to activate noncanonical autophagy.
Coxsackievirus infection induces LC3 lipidation, consistent with
many features of CASM (83), and also expresses the viroporin pro-
tein 2B. Similarly, severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) encodes proteins with viroporin properties, E
protein and ORF3a, and has been suggested to modulate autophagy
pathways (84). Future work will be required to determine the
prevalence of viral-induced noncanonical autophagy/ CASM.
STING and CASM
The STING pathway is part of the innate immune response to cyto-
solic DNA derived from damaged mitochondria (85) or pathogens
(86). Engagement of the STING pathway results in activation of
interferon regulatory factor 3 (IRF3) and nuclear factor kB (NFkB) and
production of type I interferons and inflammatory cytokines. STING
activation promotes LC3 lipidation, in a ULK- and Vps34-independent
manner (87), which would be consistent with CASM. However,
Liu et al. (88) concluded that this nevertheless represents a macro-
autophagic response, as STING contains an LC3-interacting region
(LIR) and is a cargo for autophagosome-mediated degradation.
More recently, STING activation has also been shown to also promote
noncanonical autophagy (18, 89). STING agonists, cyclic guanosine
monophosphate-adenosine monophophate and double-stranded
DNA, induce LC3B lipidation to single-membrane vesicles, in the
perinuclear region of cells, independent of autophagosome forma-
tion. This process depends on V-ATPase and ATG16L1, and has thus
been termed VAIL (discussed further in the “A unifying mechanism
for CASM” section). The functional role of CASM during STING
signaling remains to be determined and will be of great interest to
understand further.
Bacterial toxins and CASM
Many bacterial pathogens hijack the host endocytic pathway and
disrupt cell membranes as part of their survival mechanisms.
Commonly, this occurs through the expression and secretion of
pore-forming toxins (PFTs) (90). One such PFT is vacuolating
toxin A (VacA) from Helicobacter pylori. During infection, VacA
inserts into the plasma membrane and is internalized into the endo-
cytic system (91), where it forms anion-selective channels. VacA
thereby mediates the movement of negatively charged chloride ions
into endolysosomes, which is then compensated for by an increase
in V-ATPase activity (92). H. pylori infection is known to modulate
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the canonical autophagy pathway and increase LC3 lipidation (93).
However, importantly, it also stimulates noncanonical autophagy
and ATG8/LC3 lipidation to enlarged endolysosomal membranes
(46). These findings suggest that toxin-induced endolysosomal
perturbation could be a common inducer of CASM. Many PFTs have
been associated with increased LC3 lipidation, including listeri-
olysin O (LLO) from Listeria monocytigenes (94), a-hemolysin from
Staphylococcus aureus (95), and pneumolysin (PLY) from Streptococcus
pneumoniae (53). The action of these PFTs is thought to disrupt and
damage endomembranes, which then activates lysophagy. However,
it seems possible that they may also act to promote CASM.

The studies described above have uncovered a wide range of
pathogenic factors that drive CASM, implicating the pathway as
the common host response. Notably, a conserved mechanistic theme
emerges, both among these pathogenic factors and with the phar-
macological stimuli, linking to ionic, pH, and osmotic imbalance
and V-ATPase activity. We return to these mechanistic clues further
in the “A unifying mechanism for CASM” section.

Other candidates for CASM?
A number of other cellular processes have been described, which
share certain features of CASM, but have not been formally associ-
ated with the noncanonical autophagy pathway. These include both
degradative and secretory pathways and membrane repair.
Microautophagy
Recent studies have revealed an LC3-dependent, microautophagy
pathway in mammalian cells, where endolysosome membrane
proteins, such as TRPMLI, are internalized into intraluminal vesi-
cles (ILVs) for degradation (96). This is dependent on the core ATG
lipidation machinery, but not autophagosome formation, suggesting
a possible role for CASM. It remains to be determined whether non-
canonical autophagy might also represent a more general mecha-
nism regulating the turnover of membrane proteins.
Secretion: LC3-dependent extracellular vesicle loading
In a pathway termed LC3-dependent extracellular vesicle loading
(LDEL), cytosolic proteins, including RNA binding proteins, are
loaded into ILVs, via binding to LC3 lipidated on the cytosolic side
of multivesicular bodies (MVBs) (97). Fusion of MVBs with the
plasma membrane then releases the ILVs as extracellular vesicles,
along with their LC3-dependent cargo. This secretion-related example
of ATG8/LC3 lipidation shares many common features with CASM,
but it remains to be determined whether LDEL depends on exactly
the same molecular machinery.
Osteoclasts
During bone degradation and resorption, osteoclasts form a spe-
cialized zone of plasma membrane opposed to the bone surface,
called the ruffled border, which is partitioned from the rest of the
cell membrane via an actin ring. Lysosomes fuse with the ruffled
border, secreting their degradative enzymes into the extracellular
space. ATG8/LC3 proteins localize and lipidate to the ruffled
border and are required for efficient bone degradation (98). This
ATGS8/LC3 recruitment has been attributed to autophagosome
fusion, but this conclusion was based only on the involvement of
ATG5, ATG7, and ATG4B, which are also required for CASM. Con-
sidering the single-membrane nature of the ruffled border, it seems
possible that the ATG8/LC3 recruitment is associated with non-
canonical autophagy as well or instead.

As described in this section, a number of different acronyms
(LAP, LANDO, and LAM) have been developed to identify a broad
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range of noncanonical autophagy processes. We propose that CASM
can be used as an umbrella term for these diverse but related
processes, which captures their key shared features, the conjugation
of ATG8 family members to single membranes.

A UNIFYING MECHANISM FOR CASM

The sections above provide an updated overview of the key mo-
lecular features, and broad biological stimuli, of noncanonical
autophagy/CASM. Taking all of this information into consideration,
we have sought to develop a unifying mechanism for CASM that
can explain the shared features of diverse processes, from LAP to
entosis and viral infection, as well as account for their distinctions.
Where do these pathways converge so that many roads lead to
CASM (Fig. 3)?

The V-ATPase-ATG16L1 axis

In considering a possible common mechanism for CASM, V-ATPase
and its relationship with ATG16L1 emerged as a central candidate,
based on multiple independent lines of evidence, as explored below.
BafA and CASM

As discussed in earlier sections, BafA inhibits CASM in all contexts
that have been tested, from heterophagic LAP and entosis (46) to
lysosomotropic or ionophore drug treatment (46, 47), activation of
TRPMLI (20) and STING (18), as well as in response to pathogenic
factors such as VacA (46). Collectively, these studies point to a
highly conserved, but incompletely defined, role for V-ATPase in
noncanonical autophagy.

Cells, drugs, and vacuoles!

Building on this notion, the wider pharmacology of CASM similarly
hints at V-ATPase involvement. Perturbation of ionic, pH, and
osmotic balances is intimately linked with CASM, in multiple con-
texts, and in a BafA1-sensitive manner. Importantly though, many
lysosomotropic drugs (e.g., CQ) and ionophores (e.g., monensin),
as well as pathogenic factors, raise lysosomal pH in a similar
manner to BafA1l but activate CASM rather than inhibit it. This
important distinction provides a key mechanistic insight, implying
that CASM, and its inhibition by BafAl, is V-ATPase related but
must be pump independent.

V0-V1 association and CASM

V-ATPase is a multisubunit proton channel, which can be regulated
by a reversible association between its membrane-bound (V0) and
cytosolic (V1) sectors (44). Given that CASM is dependent on
V-ATPase but likely independent of its pump activity, we hypothe-
sized that it could be linked instead to V0-V1 association.

In recent work (89), we explored this hypothesis directly by
comparing BafA1 with saliphenylhalamide (SaliP), a structurally dis-
tinct V-ATPase inhibitor. These compounds both block V-ATPase
pump activity and raise lysosomal pH (99). However, they bind to
distinct sites, and while BafA1l acts to dissociate VO-V1, SaliP in-
stead drives this interaction through covalent adduct formation.
Notably, while BafAl treatment inhibits CASM, in response to
diverse stimuli, SaliP treatment instead activates the pathway, driving
ATGS8/LC3 lipidation (89). These data suggest that forced V0-V1 en-
gagement is sufficient to trigger noncanonical autophagy/CASM. Con-
sistent with this, we find that V0-V1 binding is induced by stimuli
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Fig. 3. Regulatory and unifying mechanisms of noncanonical autophagy activation. An overview of the known mechanisms regulating noncanonical autophagy and
CASM. Different stimuli converge to alter the ionic balance and pH of the target endolysosomal vesicle. LAP and LANDO depend on Vps34/Rubicon-mediated activation
of NOX2 to induce ROS production, which consumes protons and raises pH. Multiple stimuli, including viroporins, ionophores, PFTs, lysosomotropic drugs, TRPML1 agonists,
and STING agonists, all lead to alterations in luminal ion balances and pH independent of Rubicon and ROS. Endolysosomal pH perturbations are sensed through
unknown mechanisms and lead to increased association of V0-V1 subunits of the V-ATPase complex. Increased V0-V1 association drives VAIL (V-ATPase-ATG16L1-
induced LC3 lipidation) and the recruitment of the ATG16L1 complex through the C-terminal WD40 domain. The autophagy-related ubiquitin-like conjugation systems
then target ATG8 proteins for lipidation to PE or PS on the endolysosomal membrane. Pathway inhibitors are in red text, and activators are in blue text. Figure generated
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that drive CASM (e.g., CQ, monensin, and TRPMLI agonist) but not
canonical autophagy (e.g., mTOR inhibitor). Furthermore, inducible
recruitment of V1 is observed during CASM induced by both STING
activation (18) and LAP (89). Together, these new findings indicate
that regulated engagement of V0-V1 is a pivotal molecular event
during noncanonical autophagy, which somehow activates CASM.

V-ATPase-ATG16L1 association

A possible solution to this molecular puzzle was provided by an
elegant, and entirely separate, study focused on Salmonella infection
(34), which identified a direct interaction between V-ATPase and
ATG16L1. While this interaction was explored in the context of
xenophagy, we were struck by its dependence on the ATG16L1
WD40 domain, which is so strongly associated with CASM. This
shared molecular feature hints strongly at a possible mechanistic
relationship with noncanonical autophagy.

Through recent work, from our laboratories and others, an analo-
gous, inducible interaction between V-ATPase and ATG16L1 has
now been detected during CASM in response to a multitude of
stimuli, including IAV infection (82), LAP, treatment with monensin
or agonists for TRPMLI, and activation of STING during VAIL
(18, 89). Notably, this interaction is completely abolished by
ATG16L1 K490A mutation, reinforcing its link to the noncanonical
autophagy pathway (82, 89). Furthermore, SaliP treatment is suffi-
cient to trigger binding between V-ATPase and ATG16L1 (89),
indicating that this protein-protein interaction is tied to the V0-V1
assembly described above.

Together, these data indicate that the V-ATPase~ATG16L1 axis
identified during xenophagy plays a similarly pivotal role during
CASM, providing a satisfying mechanistic explanation for its unique
pharmacology (e.g., BafAl and SaliP) and conserved features
(e.g., pH, ionic, and osmotic changes). Further work will be re-
quired to understand this inducible V-ATPase-ATG16L1 interac-
tion in more detail and to establish whether a conformational change
occurs upon increased V0-V1 engagement to facilitate binding to
ATGIG6LI.

SopF—Evolutionary clues from pathogen evasion

SopF is a Salmonella effector protein that blocks the interaction
between V-ATPase and ATG16L1 by ribosylating GIn'** in the
ATP6VOC subunit (34), thus allowing the bacteria to evade host
defenses through xenophagy. Several groups have now also shown
that SopF inhibits CASM, in response to IAV, monensin (82), LAP
(89), and STING (18). Hence, SopF represents a powerful new
tool to inhibit noncanonical autophagy/CASM in the cell and
provides a strong evolutionary clue regarding the importance of this
V-ATPase-ATG16L1 axis. We speculate that CASM represents an
important parallel host response that SopF also enables Salmonella
to evade (89).

By integrating these diverse sets of data, obtained from numer-
ous independent groups, studying a wide range of autophagy-related
processes, we have collated evidence to suggest that V-ATPase
plays a universal function during noncanonical autophagy, direct-
ly recruiting ATG16L1 to drive CASM. We speculate that induced
V0-V1 association permits this interaction, perhaps via confor-
mational change, and that it depends on the K490-containing
pocket, on the top face of the ATG16L1 C-terminal WD40 do-
main. We propose that during CASM, the V-ATPase complex plays
an analogous role to WIPI2 during macroautophagy, recruiting
ATG16L1 to the appropriate membrane, to specify the site of ATGS8
conjugation.
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How do the diverse CASM pathways converge at V-ATPase?
A common feature of CASM, which emerges in the “Diverse stimuli
drive noncanonical autophagy/CASM” section, is that many, per-
haps all, of its stimuli drive the neutralization of endolysosomal
pH. We speculate that, to compensate for this, the cell may respond
by increasing the association between the V-ATPase cytosolic V1
sector and membrane-bound VO sector to drive reacidification.
As V0-V1 engagement promotes V-ATPase interaction with
ATGI16L1, we postulate that this molecular event may effectively
initiate noncanonical autophagy/CASM (82, 89).

We note that for some CASM stimuli, such as STING agonists,
endolysosomal pH change has not been demonstrated to date.
Interestingly, there is some evidence that upon activation, STING
interacts with the calcium channel TMEM203, which could poten-
tially result in alterations in ionic and pH balance within vesicles
(100); however, this possibility remains to be investigated. Hence,
some features of the proposed model may require further testing
and/or refinement. Nevertheless, this model accounts for many of
the shared molecular features and mechanisms of CASM, providing
a useful framework to develop our understanding.

Integrating V-ATPase with NOX2, ROS, and Rubicon

While this V-ATPase-ATG16L1 axis provides a compelling, and
potentially universal, explanation for CASM, we were left with an
outstanding question on how this could be integrated with other
known molecular players and mechanisms in noncanonical auto-
phagy. Here, we thought specifically about Rubicon and ROS,
which play pivotal, and very well established, roles in LAP (and
LANDO) (12, 65).

During phagocytosis, particulate targets, such as dead cells or patho-
gens, trigger receptor-mediated engulfment into single-membrane
phagosomes. These phagosomes then mature through a sequence
of protein recruitments and phosphoinositide metabolism (101),
which culminates in the transitioning of the phagosome to an acidic,
degradative compartment. During maturation, NADPH (reduced
form of nicotinamide adenine dinucleotide phosphate) oxidase 2
(NOX2) forms a complex on the phagosome and generates bursts of
ROS, a critical step in controlling the function of phagosomes and
fate of cargo. Importantly, proteins involved in phagosome matura-
tion and ROS generation are also critical for LAP.

Rubicon (RUN domain and cysteine-rich domain containing, Beclin
1-interacting protein) is part of the class III phosphatidylinositol
3-kinase complex, alongside Vps34, Beclin, and UVRAG, which
generates localized phosphatidylinositol-3-phosphate [PI(3)P] on
the phagosome membrane (12, 102). Deletion of Rubicon signifi-
cantly inhibits LAP, without impeding macroautophagy (12); the
Vps34 complex containing Rubicon acts as a negative regulator of
macroautophagy (103). A key function of phagosomal PI(3)P is
then to support the stabilization of NOX2 through binding to the
p40Ph°* subunit, which promotes ROS production. Deletion or
inhibition of NOX2, or chelation of its ROS products, potently
inhibits LAP (12, 104). Thus, targeting of the Rubicon/PI(3)P/ROS
axis has been widely used in vitro and in vivo to inhibit and impli-
cate LAP and LANDO in many cellular processes and diseases
including infection (12, 51-54), immune responses (11), cancer (7),
and neurodegeneration (65).

Importantly, these effects are somewhat context specific, as Rubicon,
NOX2, and ROS are not required for other noncanonical autophagy
processes. Activation of CASM by ionophores, lysosomotropic drugs,
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and STING and TRPMLI agonists are all independent of Vps34
activity and PI(3)P formation (20, 46), and Vps34 and ROS are not
essential for CASM induced during the formation of endocytic
vacuoles in acinar cells (105). So, where do NOX2, ROS, and Rubicon
converge with the more universal machinery of CASM?

We have now investigated the possible links between ROS
production and the ATG8 conjugation machinery, focusing on
the newly defined V-ATPase-ATG16L1 axis (89). Importantly, we
noted from the literature, and confirmed experimentally, that phago-
somal ROS consume protons and thereby neutralize phagosomal
pH (106-108). We reasoned that, in common with other forms of
CASM, V-ATPase may therefore be activated in response, through
increased V0-V1 engagement, in an attempt to reacidify the com-
partment. Consistent with this, we found that during LAP, ATG16L1
is recruited to the V-ATPase complex, via its WD40 domain, where
it directs ATG8 conjugation to the phagosome membrane, in a
manner sensitive to SopF. These findings can thus tie together the
well-established requirements for NOX2, ROS, and Rubicon during
LAP, with the V-ATPase-ATG16L1 axis common to all forms
of CASM.

We note that localized ROS can also inactivate the ATGS-
deconjugating activity of ATG4s at the phagosome membrane,
through the oxidation of critical cysteine residues in their catalytic
sites, leading to sustained ATGS8 lipidation (109). Hence, parallel
mechanisms may be at play in the context of LAP.

SUMMARY

In this review, we have covered the diversity of processes that
harness CASM and discussed both their shared and distinct molecu-
lar mechanisms. We posit that these processes all represent exam-
ples of the noncanonical autophagy pathway and share a common
regulatory mechanism centered on V-ATPase and ATG16L1 at
endolysosomal single membranes. However, important process and
context differences also exist, with respect to molecular machinery
and functional output.

It will be increasingly important within the field to understand
precisely which form of noncanonical autophagy/CASM is active in
different contexts, as some distinctive mechanisms may be at play.
Similarly, because canonical and noncanonical autophagy pathways are
regulated by overlapping agonists and inhibitors and share overlapping
readouts, there is huge potential for confusion. Rigorous experi-
mental design will be essential to yield unambiguous conclusions.

To assist with providing clarity, we conclude with a summary of
molecular features in Fig. 3. We propose that some proteins are
associated with specific forms of CASM, for instance, Rubicon for
LAP/LANDO or M2 for IAV. In contrast, others are universally
required for all forms of noncanonical autophagy, including the core
ATGS conjugation machinery and the V-ATPase-ATG16L1 axis. We
suggest that the following features may be considered diagnostic for
CASM in future studies:

1) Conjugation of ATGS to a single membrane (CASM) rather
than double-membrane autophagosome.

2)Dependence on the core ATGS8 conjugation machinery (ATG3/
4/5/7/10/12/16L1), combined with independence from upstream
macroautophagy regulators (ULK1/2, FIP200, ATG13/9/14 L1,
and WIPI2).

3) Dependence on the ATG16L1 WD40 domain (and K490
residue), combined with independence of its FBD domain.

Durgan and Florey, Sci. Adv. 8, eabo1274 (2022) 26 October 2022

4) Induction of alternative conjugation of ATG8 to PS rather
than exclusively to PE.

5) Dependence on the V-ATPase—~ATG16L1 axis, as evidenced
by inhibition with BafA1 and/or SopF.

6) We recommend that while dependence on Rubicon and NOX2
can be used to implicate LAP (and LANDO), this should not be
used to exclude other forms of noncanonical autophagy and CASM,
which couple to the V-ATPase-ATG16L1 axis independently.
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