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The biology of autophagy

Autophagy, or cellular “self-eating,” is a vesicular trafficking path-
way that targets intracellular substrates, from entire organelles to
protein aggregates and specific proteins, for lysosomal degrada-
tion and recycling (1). Identified by genetic and morphologic stud-
ies in yeast and mammalian cells, this pathway is now known to
be conserved across most of eukaryotic life. At the cellular level,
autophagy has a profound impact on the biology of normal and
stressed cells. On an organismal level, autophagy is critical for
development and adult homeostasis (2). Macroautophagy (here-
after referred to as “autophagy”) is mediated by the action of spe-
cialized vesicles called autophagosomes that arise by elongation of
membrane precursors called phagophores or isolation membranes
(Figure 1and ref. 3). Because autophagosomes are formed by elon-
gation of precursor vesicles, upon closure they exhibit a character-
istic double-membrane structure. As isolation membranes elon-
gate, they engulf intracellular substrates that are subsequently
degraded by lysosomal enzymes following autophagosome-to-
lysosome fusion (Figure 1). The engulfment and degradation of
intracellular aggregates and organelles maintains cellular homeo-
stasis in nutrient-replete conditions. During starvation, autophagy
recycles the captured components to sustain macromolecular
synthesis, anaplerosis, and energy production for survival (4, 5).
Since its first description, research into autophagy has transitioned
from morphologic examination of autophagosomes and their con-
tents to identification of the molecular machinery that controls
autophagosome formation (3), and later to an emerging view of
an expansive role for this pathway in physiology and disease (6).
Autophagy defects are linked to numerous diseases including
cancer, immune disorders, infectious diseases, heart disease, and
neurodegeneration (7, 8).

How does this one pathway affect so many different dis-
eases? Some of the answers may lie in the cargos that are deliv-
ered for degradation. Although autophagy was initially believed
to target bulk cytoplasm non-selectively, it has become clear
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that autophagy can also target a variety of specific intracellular
substrates, from protein aggregates to damaged mitochondria
(referred to as mitophagy), peroxisomes (pexophagy) (9), lipid
droplets (lipophagy) (10), ferritin (ferritinophagy) (11), and even
intracellular microorganisms (xenophagy) (Figure 1). Several of
these intracellular substrates are targeted, at least in part, as a
result of polyubiquitination, which recruits receptor proteins
that bind to both ubiquitin and the autophagosomal protein
light chain 3 (LC3), thereby colocalizing sites of autophagosome
formation with specific substrates. Notable receptor proteins
include p62/SQSTMI (p62), NBR1, and NDP52 (12, 13). The
elimination of targeted substrates by autophagy controls many
aspects of normal physiology, from the elimination of parental
mitochondria in fertilized oocytes, which is the basis of mater-
nal mitochondrial inheritance, to the complete elimination of
mitochondria from developing reticulocytes (14, 15), to the regu-
lation of cellular lipid and iron metabolism (11). A failure to clear
potentially dangerous bulk substrates such as damaged mito-
chondria underlies at least some of the cellular dysfunctions
that lead to the development of degenerative conditions such as
cardiovascular disease and various forms of neurodegeneration.
One clear example is early onset familial Parkinson’s disease,
which is associated with mutation of mitochondrial ubiquitin
ligase-encoding gene Parkin, and defective clearance of mito-
chondria through mitophagy (16).

In addition to the autophagy-dependent clearance of tar-
geted substrates, the degradation of engulfed autophagosomal
contents can recycle nutrients to support cellular metabolism.
The physiologic significance of nutrient recycling by autoph-
agy is emphasized by the phenotype of autophagy-deficient
knockout mice, which fail to survive nutrient starvation stress
that occurs upon birth, when milk-derived nutrients are not yet
available (17), and by the induction of autophagy in multiple
tissues, including muscle, liver, pancreas, adipose tissue, and
brain, by exercise (18, 19). In cancers, these multiple functions
of autophagy, targeted substrate clearance and nutrient recy-
cling, combine to influence disease initiation and progression
in a complex, context-dependent (i.e., genotype- and stage-
dependent) manner (20).
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Figure 1. The autophagy pathway and its role in biology and diseases. Schematic of the intracellular
membrane events involved in the autophagy pathway. Shaded box at the right side lists examples of
biological functions that autophagy can accomplish by targeting specific cargos, as well as diseases
linked to the deficiency of these autophagy functions. Text at the bottom right describes roles of

autophagy-mediated nutrient recycling.

The molecular basis of autophagy

An overview of the autophagy machinery

The molecular basis of autophagy was revealed initially by yeast
genetics (21-23) and subsequently via studies in higher organ-
isms (3, 24). Up to 35 autophagy-related genes (ATGs) have been
identified, and the ATG genes that make up the core machinery of
autophagy can be classified into several functional units (mamma-
lian nomenclature is used hereafter): the Unc-51 like autophagy
activating kinase 1 (ULK1) protein kinase complex, an initiating
point for the autophagic cascade; the VPS34-beclin 1 PI3K com-
plex; two autophagy-specific ubiquitin-like (Ubl) conjugation sys-
tems; and phosphatidylinositol-3-phosphate (PI3P) effectors and
the transmembrane recycling protein ATG9. Many ATG proteins
contribute to the two Ubl conjugation reactions in which LC3
and ATGI12 are the Ubl proteins (25). The conjugation of ATG12
to ATGS5 is catalyzed by the El-like enzyme ATG7 and E2-like
enzyme ATGIO. Strikingly, LC3 is conjugated to phosphatidyl eth-
anolamine (PE) instead of a protein, a process that is catalyzed by
ATG7,E2-like ATG3, and the ATG12-ATG5 conjugate, which is con-
sidered to be an E3-like enzyme for LC3-PE conjugation (26, 27).
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LC3-PE conjugation (or LC3 lipidation) is
required for autophagosome formation,
cargo recognition, and autophagic mem-
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Interplay of the ULK1 complex with mTOR
complex 1 and AMPK. The autophagy path-
way and nutrient signaling communicate
with each other intimately. A central node
that coordinates this communication is the
nutrient-sensing protein kinase complex
mTOR complex 1 (mTORC1), which senses
growth factors and amino acid levels. This
master regulator of cellular metabolism
serves as an autophagy response switch by
controlling the phosphorylation status, and
thereby the autophagy activity, of the ULK1
complex. The main components of the

Infectious diseases
Immune disorder

ULK1 complex include the protein kinase
ULK1 and its regulatory proteins ATG13 and
FIP200 (31-33). Under nutrient-rich condi-
tions, mTORCI phosphorylates ATG13 and
ULKI1 to suppress the autophagy function
of the ULK1 complex; when mTORCI is
inactivated by nutrient starvation or other
stresses, the ULK1 complex becomes hypo-
phosphorylated and active (Figure 2).

There is an elegant feedback loop
between mTORC1 activity and autoph-
agy output. Upon nutrient starvation,
mTORCI is suppressed, leading to activa-
tion of ULK1-dependent autophagy. Down-
stream of autophagy, autophagic cargos are
degraded in lysosomes to recycle building
blocks, including amino acids, which reactivate mTORC1 and
thereby attenuate ULK1-dependent autophagy (34, 35). In addi-
tion to inhibiting autophagy induction, reactivated mTORC1 also
activates lysosome biogenesis by a program called “autophagic
lysosome reformation” in order to reset lysosome networks after
prolonged autophagy (34).

Another important cellular energy sensor, AMPK, also plays
a role in autophagy induction by phosphorylating TSC2 and the
mTORCI component Raptor, leading to inactivation of mTORC1
and subsequent activation of the ULK1 complex. Recently, AMPK
has also been shown to directly interact with and phosphorylate
ULK1 in a nutrient-dependent manner (Figure 2 and refs. 36-40).
One study suggests that AMPK-driven ULK1 phosphorylation is
stimulated by glucose starvation, contributing to ULK1 activation
(38). However, another study (39) identified AMPK sites on ULK1
that were dephosphorylated upon amino acid starvation, leading
to the conclusion that AMPK phospho sites may inhibit autophagy
induction. The differences in these observations might reflect the
distinct autophagy-related role of AMPK when sensing different
triggers; they could also be due to the monitoring of different phos-
phorylation sites in these two studies. In yet another study, AMPK
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Figure 2. The autophagy pathway senses various nutrient signals via
the ULK1 complex. Multiple nutrient-sensing mechanisms, including that
modulated by mTORC1, AMPK, and acetyl-CoA, can directly interact with
the ULK1 complex and thus regulate autophagy. Autophagy, by recycling
amino acids to the cytoplasm, can reactivate mTORC1, and thus feedback
suppress the autophagy function of the ULK1 complex. Pi, phosphoryla-
tion; Ac, acetylation; ATG16, ATG16L1. The dual-direction arrow indicates
protein-protein interaction.

regulation of ULK1 was linked to mitophagy (40). Further, studies
using AMPK-null cells have ruled out an indispensable role of this
kinase in autophagy (36, 38). It appears that AMPK functions to
fine-tune ULK1 activity and the subsequent autophagy outcome in
response to various energy requirements.

Intriguingly, there have also been reports that ULKI can in
turn regulate mTOR and AMPK. ULK1 was reported to phos-
phorylate Raptor in vitro to negatively regulate mTORC1 activ-
ity (41, 42). This could constitute a feed-forward mechanism that
ensures rapid shutdown of mTOR signaling during autophagy
induction. In terms of AMPK, ULK1 has been reported to be able
to phosphorylate all three AMPK subunits (43). Such inhibitory
phosphorylation was proposed to form a feedback loop to dampen
autophagy induction signals.

Regulation of the ULKI1 complex by acetylation. Acetylation
involves the transfer of acetyl group from acetyl-CoA to specific
lysine residues of target proteins. Acetyl-CoA is a critical build-
ing block for cellular metabolism, and as such, protein acetyla-
tion/deacetylation has been implicated as a critical regulatory
mechanism for metabolism (44). Given the catabolic nature of
autophagy, its regulation by acetylation is an attractive hypoth-
esis. Protein acetylation/deacetylation was initially implicated
in autophagy by the studies of the histone deacetylase (HDAC)
inhibitor suberoylanilide hydroxamic acid (SAHA) (45, 46). SAHA
induces autophagy in various cell types in a ULK1 complex-
dependent manner. However, the role of SAHA in maintaining
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the acetylation status of ATG proteins was not determined. More
recently, a systematic genetic analysis of histone acyltransferase
(HAT) complexes in yeast identified Esal, the catalytic subunit
of HAT complex NuA4, as being required for autophagy (47). In a
separate study (48), TIP60, the mammalian homolog of Esal, was
reported to acetylate ULKI1 to support its autophagy function. Fur-
thermore, TIP60 activation was regulated by glycogen synthase
kinase-3 (48), thereby directly linking TIP60 to nutrient sensing
and ULK1-mediated autophagy. It should be noted that in addition
to specific acetylation of ULKI, a recent study instead indicated
that increased cellular acetyl-CoA levels and overall acetylation of
cytoplasmic proteins suppress autophagy (49).

Relaying the nutrient signals by the ULK1 complex

Because of'its ability to directly sense mTORCI activity, the ULK1
complex has been suggested to be the most upstream component
of the canonical autophagy pathway. However, the exact function-
al relationship between the ULK1 complex and other upstream
ATG proteins is not well defined. In addition to the ULK1 complex,
other ATG components functioning upstream of LC3 include the
VPS34-beclin 1 complex and the ATG5-ATG12-ATG16 complex
(hereafter referred to as the ATG5 complex). It has been suggested
that the autophagy cascade proceeds in a linear fashion: the ULK1
complex activates the VPS34 complex, which in turn engages the
ATG5 complex (50). More recent studies have indicated a far more
complicated relationship among these complexes.

VPS34 is a lipid kinase, and its enzymatic product PI3P is
required, directly or indirectly, for the recruitment of multiple
autophagy components to the pre-autophagosomal membrane
structure (51, 52). Similar to the ULK1 complex, the VPS34 com-
plex is also a major point of regulation for autophagy induction,
as reviewed in depth by others (53, 54). Here we focus on its func-
tional interplay with the ULK1 complex.

It has been reported that in response to nutrient starvation,
AMBRA]I, a binding partner of the VPS34 complex, is phosphory-
lated by ULK1 (55). This phosphorylation releases the AMBRA1-
VPS34 complex from dynein and the microtubule network, free-
ing the complex to translocate to autophagy initiation sites on the
endoplasmic reticulum. This appears to be a reasonable explana-
tion for the ULK1-VPS34 connection and the autophagic function
of ULK1 kinase activity. However, AMBRAL1 is unlikely to be the
universal mediator for these two autophagy complexes, as it does
not have a clear functional counterpart in yeast.

More recently, ULK1 has been reported to directly phos-
phorylate beclin 1 (56), an essential component of the VPS34
complex. The VPS34 complex is required for both autophagy
and endocytic processes. ULK1-driven phosphorylation of beclin
1 specifically activates a subset of the VPS34 complex, which is
the ATG14-containing population dedicated to autophagy, thus
unveiling how the ULK1 complex stimulates autophagy via the
VPS34 complex (Figure 2).

The ATG5 complex was considered to function downstream
of the VPS34 complex and not directly communicate with the
ULK1 complex. Surprisingly, two recent studies revealed a direct
interaction between FIP200 and ATG16L1 (57, 58), essential
components of the ULK1 and ATG5 complexes, respectively (Fig-
ure 2). Importantly, the FIP200-ATG16L interaction is essential
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Figure 3. LC3 lipidation in non-autophagic processes. The phagocytosis of apoptotic bodies and
macropinocytic uptake of serum albumin are shown as examples of extracellular substrates that may
be degraded in an autophagy protein-dependent manner. Shaded box at the right lists multiple non-
autophagic processes utilizing LC3 lipidation, as well as their cargos and biological functions. Their

potential common roles in nutrient scavenging are emphasized.

for mediating amino acid starvation-induced autophagy, which
requires the ULK1 complex; on the other hand, this interaction
is not required for glucose deprivation-induced autophagy, a
ULK1 complex-independent process (57). Therefore, this specif-
ic physical interaction between the ULK1 complex and the ATG5
complex may distinguish ULK1-dependent and -independent
autophagy processes.

ULK1 complex-independent autophagy

LC3 lipidation still occurs in cells lacking expression of ATG13,
FIP200, or ULK1/2 (31, 39, 59), suggesting that the ULK1 complex
is not essential for activation of the LC3 lipidation machinery and
that there are ULK-independent ways to set off the autophagy cas-
cade. Recent work has shown that glucose deprivation-induced
LC3 lipidation was dependent on ATG5 yet did not require ULK1
or ULK2, likely due to the accumulation of ammonia associated
with amino acid catabolism within the cell (59, 60). It should be
noted that glucose deprivation has also been reported to stimulate
autophagy in a ULK1-dependent manner (38). Unlike the ammo-
nium scenario, this is a typical bioenergetic response involving
mTOR suppression plus AMPK activation, which subsequently
activates the ULK1 complex. Seemingly contradictory to each oth-
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er, glucose starvation might induce autoph-
agy via both mechanisms, depending on
exact biological contexts such as growth
conditions and cell types.

Innate and adaptive
immunity

Non-autophagy processes
utilizing autophagy machinery
While ULK1 complex-dependent and
-independent mechanisms of autophagy
induction are apparent, it is also becoming
clear that autophagy machinery directs the
lipidation of LC3 onto non-autophagosomal
membranes in a ULKI1-independent man-
ner. Although referred to elsewhere as “non-
canonical autophagy” (61), here we will
refer to this activity as “non-canonical LC3
lipidation,” as the majority of membranes
onto which LC3 is lipidated are endocytic
(thus non-autophagic) in nature, harboring
engulfed extracellular- rather than intracel-
lular-derived substrates. The first discovery
of ATG protein-dependent, non-autopha-
gosomal LC3 lipidation was that phago-
somes containing engulfed microorgan-
isms in macrophages are lipidated by LC3
in a manner requiring the core autophagy
proteins ATG5 and ATG7 but independent
of the appearance of double-membrane
autophagosome structures or regulation
by mTORC1 (62). Subsequently, this non-
autophagosomal activity of the autophagy
lipidation machinery (VPS34 complex and
ATG Ubl conjugation systems) was report-
ed to be involved in macroendocytic pro-
cesses, including apoptotic or necrotic cell
phagocytosis (63, 64), Fc receptor and Dectin-1 receptor-medi-
ated phagocytosis (61, 65, 66), macropinocytosis (64), the live cell
engulfment program entosis (64), as well as osteoclast resorption
of bone (67) and the retinal pigment epithelium-mediated engulf-
ment of photoreceptor outer segments in vivo (ref. 68 and Figure
3). As these processes occur under nutrient-replete conditions, it is
perhaps not surprising that LC3 lipidation in these contexts is acti-
vated independently of mTORCI signaling (62) and accordingly
requires neither ULK1 (63) nor the ULK1 complex protein FIP200
(64, 68). Importantly, while phagosomes and endosomes can be
targeted by autophagosomes, particularly when damaged (69, 70),
and endocytic vesicles may contribute to the membrane pool from
which autophagosomes derive (71), these findings identify instead
the lipidation of LC3 directly onto the limiting membrane of endo-
cytic vacuoles in a manner distinct from autophagy.

These findings demonstrate that autophagy proteins partici-
pate in multiple lysosomal degradative processes, including those
that target bulk extracellular substrates, in a manner akin to the
phagocytic scavenging of nutrients (phagotrophic nutrition) that
supports the metabolism of ancestral unicellular eukaryotes. This
activity may allow cancer cells to utilize extracellular nutrient
scavenging to support metabolism (discussed below) and may also
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play important roles in normal physiology. Therefore, autophagy
proteins may generally participate in lysosomal nutrient recovery
under nutrient-replete as well as starvation conditions, and from
both intracellular and extracellular sources. In all cases the target-
ed removal of specific substrates (e.g., apoptotic cells and microor-
ganisms engulfed by phagocytosis, damaged organelles engulfed
by autophagy) may contribute to a homeostatic function, while
the additional turnover of non-specific bulk substrates (serum
albumin engulfed by macropinocytosis, bulk cytoplasm engulfed
by autophagy) may more generally support metabolism (Figure 3).
Whether these multiple LC3-associated mechanisms act coopera-
tively or antagonistically remains to be determined.

Autophagy and cancer

The role of autophagy in cancer

Autophagy is implicated in multiple human diseases, particularly
cancer. The exact role of autophagy in cancer is complicated and
most likely context dependent (72-76). On one hand, autophagy
might be a tumor-suppressive mechanism. For example, mice
with heterozygotic deletion of beclin 1 are susceptible to tumori-
genesis in multiple tissues (77, 78), and liver-specific deletion of
ATG7 leads to development of benign liver adenomas (79). Mech-
anistically, the role of autophagy in clearance of mutagens such as
damaged mitochondria (a source of ROS) might prevent insults
to genomic DNA and hence suppress tumor initiation (73-75).
The accumulation of specific protein substrates that are normally
targeted for lysosomal degradation may also underlie tumor sup-
pression by autophagy, as p62, an autophagy receptor protein, is
reported to promote tumor formation through several oncogenic
signaling pathways including NF-xB and mTORC1, as well as
NRF2-dependent antioxidant signaling resulting from p62-depen-
dent sequestration of the KEAP1 ubiquitin ligase (80-85). In addi-
tion, although more frequently a pro-survival mechanism (86-88),
autophagy may cause cell death under certain conditions (“type II
programmed cell death” or “autophagic cell death”; refs. 89-93).
This may also contribute to its tumor-suppressive function. On the
other hand, as a critical and conserved cellular survival mecha-
nism, it is clear that autophagy promotes malignant progression
following the initiation of tumor growth (72-75). During the pro-
gression of solid tumors, an increase in tumor size produces stress
on cells within central regions, as these areas become hypoxic and
nutrient deficient due to inadequate blood supply (94). Even as
angiogenesis occurs, regions within solid tumors may still expe-
rience metabolic stress as a result of low glucose and glutamine
availability (95-97), due to the leakiness of tumor-associated ves-
sels as well as continued hypovascularization (98). Under such
conditions, tumor cells can use autophagy to provide an alterna-
tive energy source for survival and proliferation (99, 100). Simi-
larly, various cancer therapies have been shown to block tumor
tissue angiogenesis or inhibit the kinase signaling that normally
suppresses autophagy, thus leading to activation of cancer cell
autophagy as a survival mechanism. Indeed, many observations
have been made recently to support this view: in multiple tissue
origins and multiple oncogenic conditions, inhibition of autoph-
agy can potentiate tumor cell death and reduce the growth of
tumors of both xenograft and endogenous origin (101-111).
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Intriguingly, recent studies also indicate that some tumors
driven by specific oncogenes such as mutant Ras and B-Raf can
develop “autophagy addiction”; a highly active autophagy path-
way appears to be essential for tumor cell mitochondrial homeo-
stasis and metabolism, and autophagy inhibition leads to tumor
cell death (101, 105, 108). In this specific case, autophagy may
facilitate oncogenic Ras/B-Raf-triggered tumor initiation and
maintenance, and autophagy inhibition might be effective as a
monotherapy. In support of this, although loss of ATGS5 acceler-
ates the initiation of KrasG12D-driven lung tumors, it increases
tumor-free survival by inhibiting the progression to malignancy
(112). Autophagy-deficient, oncogenic Ras-driven lung tumors
exhibit increased cell death (112, 113) and the accumulation of
defective mitochondria, which inhibits tumor progression and
leads to the formation of benign tumors resembling oncocytomas
(113). Similarly, oncogenic Ras-driven pancreatic tumors require
autophagy in order to progress to malignant pancreatic ductal
adenocarcinoma in vivo (114). Notably, these antitumor effects
of inhibiting autophagy in multiple tumor types in the context of
oncogenic Ras have been reported to be dependent on p53, sug-
gesting that the accumulation of cell stress (e.g., genome dam-
age) in the context of defective autophagy is surveilled by this
important tumor suppressor, or alternatively that p53 could con-
tribute to promoting cellular metabolism in the context of defec-
tive autophagy (76, 112-114).

Autophagy or autophagy proteins?

While B-Raf/Ras-driven carcinogenesis requires an intact autoph-
agy pathway to maintain healthy mitochondria and supply gluta-
mine through lysosomal recycling (115), Ras-driven cancer cells
are also able to utilize a scavenging activity linked to macropino-
cytic uptake of extracellular fluid that allows for the recovery of
amino acids and unsaturated lysophospholipids from extracellu-
lar sources (116, 117). Amino acid recovery is linked to the uptake
and lysosomal digestion of serum albumin, which apparently acts
in concert with autophagy-mediated amino acid scavenging from
intracellular protein sources to support macromolecular synthesis
and TCA cycle anaplerosis, in order to meet the metabolic demands
imposed by Ras activation. Similar to autophagy gene deletion, the
inhibition of macropinocytosis suppresses tumor formation that is
driven by activated K-Ras (116). In light of these apparently paral-
lel pathways supporting amino acid recovery, it is interesting to
note that the autophagy lipidation machinery, including ATG5 and
ATG7, which are required for Ras-driven tumorigenesis, has been
shown to lipidate LC3 onto the limiting membranes of macropino-
somes (64). The extent to which LC3 lipidation onto macropino-
somes could contribute to the requirement of ATG5 and ATG?7 for
Ras-driven tumorigenesis remains to be explored.

The function that lipidated LC3 serves on endocytic vacuoles
remains uncertain (118). Several groups have provided evidence
that the lipidation of LC3 onto phagosomes or entotic vacuoles in
macrophages and epithelial cells promotes lysosome fusion and
the degradation of engulfed extracellular cargo (62, 118), which
would be predicted to promote amino acid scavenging by mac-
ropinocytosis. However, a recent report concluded that LC3 may
delay lysosome fusion in dendritic cells (119). The more precise
function of lipidated LC3 at these non-autophagosomal endocytic
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membranes awaits further elucidation of the mechanisms where-
by LC3 influences vacuole maturation.

Targeting autophagy for cancer therapy

Inhibition of autophagy has been demonstrated to be beneficial
in treating various cancers. Being kinases, the ULKs are attractive
candidates as drug targets. One of the main uses of a ULK-targeted
drug in cancer treatment might be its combination with other ther-
apeutics. For example, the lack of clinical impact of mTOR inhibi-
tors in the treatment of many cancers may be due in part to the fact
that they upregulate tumor-protective autophagy by activating the
ULK1 complex (120). Furthermore, a plethora of currently used
anticancer agents can induce autophagy through mTORCI sup-
pression, thereby activating the ULK1 complex. Hence, combining
these treatments with ULK1 inhibitors might be more effective ther-
apeutically. Although targeting other components of the autophagy
pathway (such as VPS34, lysosomal activity, and autophagy-specif-
ic Ubl reactions) will serve the same autophagy inhibition purpose,
there are potential problems associated with these alternative
targets. VPS34 and lysosomes are also required for other cellular
functions, such as all endocytic processes; thus, inhibition of these
entities is more likely to cause additional side effects. Autophagic
Ubl reactions are presumably specific to autophagy. However, their
inhibition will ablate not only mTOR suppression-induced, ULK1
complex-dependent autophagy in cancer cells, but also basal levels
of autophagy in normal cells that is important for maintaining cel-
lular homeostasis. Therefore, broad-based, Ubl-targeted inhibition
of autophagy may also be more detrimental than specific inhibition
of the ULK1 complex, whose activity is specifically upregulated
upon mTOR-suppressing therapies. It should be mentioned that
the kinase activity of ULK1 may have other functions in addition to
mediating mTOR-regulated autophagy, but the ULK1-ATG13 inter-
action, which stimulates ULK1 kinase activity and is required for
the autophagy function of the complex, is more likely to be specific
only for ULK1-dependent autophagy.

Concluding remarks
Extensive studies over the last two decades have provided great
insights into the mechanisms and function of autophagy in nor-
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mal biology and disease; however, many fundamental questions
remain. For example, as autophagy may be involved in both cell
survival and cell death (autophagic cell death), is there a spe-
cific molecular switch to dictate these two completely opposite
outcomes? What are the mechanisms and functions underlying
non-autophagic LC3 lipidation? How is autophagy regulated in
a context-dependent manner to target distinct cargos and thus
achieve specific functions (e.g., erythrocyte differentiation-
associated mitophagy)? Since autophagy is involved in multiple
diseases including cancer, how can one develop autophagy-tar-
geted small-molecule modulators as therapeutic agents? Which
ATGs should be targeted? Also, while we have learned much
about how and from where autophagosomes originate and what
substrates they target, comparatively little is known about the
terminal stages of substrate degradation and nutrient recycling,
which are required for the clearance of targeted substrates as
well as the nutrient scavenging function that may be a thera-
peutic target in cancer. Perhaps as we contemplate therapeu-
tic interventions to inhibit autophagy, a deeper understanding
of the identity of the critically recovered metabolites and what
cancer cells derive from them may reveal therapeutic strategies
that target the steady-state outputs of autophagy in addition to
autophagy induction.
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