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Adaptive strategies used by cells to scavenge and recycle essential nutrients
are important for survival in nutrient-depleted environments such as cancer
tissues. Autophagy and macropinocytosis are two major mechanisms that
promote nutrient recycling and scavenging, which share considerable, yet
poorly understood, cross-regulation. Here we review recent findings that
connect these starvation response mechanisms and discuss the implications
of their crosstalk.
This article is part of the Theo Murphy meeting issue ‘Macropinocytosis’.

1. Introduction
Cancer tissues are often starved due to a lack of sufficient vasculature to
deliver glucose, amino acids, oxygen and other important nutrients [1,2].
The cell starvation that results compromises cell viability by limiting substrates needed for energy production and protein synthesis, and by initiating
signalling that promotes the execution of regulated forms of cell death such
as apoptosis [3–5]. One mechanism that prolongs cell viability under low
nutrient and energy states is autophagy, a regulated form of self-cannibalism
that recycles intracellular substrates, including proteins, protein complexes,
lipids, ions and also whole organelles, through the lysosome by delivery
inside specialized vesicles called autophagosomes (figure 1) [4,6]. Macromolecule digestion recycles key metabolites to allow cells to generate energy and
maintain protein synthesis [4]. Autophagy is therefore one important
adaptive strategy that is used by starving cells to survive periods of nutrient
deprivation. In cancers, autophagy promotes disease progression in part
by sustaining the viability of cancer cells in nutrient-deprived tumour
microenvironments [7].
While autophagy can prolong the viability of individual cells, this process
consumes intracellular substrates, and therefore the catabolism of recycled components results in cell shrinkage [5]. Proliferation that ultimately fuels cancer
progression requires instead the accumulation of biomass—a doubling of the
total protein, lipid and nucleotide content and even whole organelles like
mitochondria—to generate all of the components needed to generate two
cells from one. Cell growth in nutrient-depleted environments therefore
requires different strategies to allow for the scavenging of extracellular substrates that remain abundant when nutrients such as amino acids and
glucose delivered from blood are lacking. It has become clear that endocytic
processes such as macropinocytosis are key strategies that allow cells to respond
to starvation by scavenging bulk extracellular substrates, including proteins in
the cancer microenvironment (figure 1) [8,9]. Lysosomal digestion of scavenged
proteins and other macromolecules can help to fuel cell growth under
conditions of starvation for conventional nutrients.
While autophagy and macropinocytosis are separate strategies, they are also
collaborative in a general sense, as both are adaptive processes that allow cells
to respond to starvation, and the prolonged viability afforded by autophagy

& 2018 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
author and source are credited.

macropinocytosis
proteins/cell debris

phagocytosis
dead cell

entosis
live cell

autophagy
LC3

macropinosome
phagosome
entotic vacuole

mTORC1

nutrient
export

lysosome
network

Figure 1. Signalling network of nutrient scavenging and recycling pathways. Cells can scavenge extracellular nutrients including proteins and cell debris through
macropinocytosis, whole dead or dying cells through phagocytosis, or whole live cells through entosis. Scavenged substrates are contained within large vesicles
(macropinosomes, phagosomes or entotic vacuoles) that undergo maturation involving non-canonical autophagy, or LC3 lipidation, and lysosome fusion. Degraded
substrates and metabolites are redistributed into the lysosome network by PIKfyve and mTORC1-dependent fission. PIKfyve also controls the utilization of scavenged
amino acids in protein synthesis that requires cytosolic export. Macropinocytic flux through lysosomal degradation is inhibited by signalling from amino acids and
mTORC1. mTORC1 also inhibits the initiation of autophagy that controls the recycling of intracellular substrates, following sequestration into double-membrane
autophagosomes formed through the lipidation of LC3. Following the fusion of lysosomes and autophagosomes, mTORC1 facilitates the fission of the lysosomal
membrane, through autophagic lysosome reformation (ALR), to reform the lysosome network.
can conceivably allow cells time to scavenge through macropinocytosis. But these processes also share much more direct
crosstalk through their regulatory mechanisms. How crosstalk between macropinocytosis and autophagy is regulated,
and how cross-regulation impacts nutrient homeostasis
remains poorly understood and will be the subject of this
review.

2. Cross-regulation through upstream signalling
(a) Regulation of autophagy and macropinocytosis
by amino acid signalling and mTORC1
One key regulator of both autophagy and macropinocytosis is
the mechanistic target of rapamycin (mTORC1), a nutrientsensing kinase that coordinates cell fate decisions in response
to growth factors and numerous metabolites including glucose and amino acids (figure 1) [10]. When nutrients such
as amino acids are plentiful, mTORC1 signalling promotes
protein synthesis and cell growth and inhibits autophagy
through phosphorylation and inhibition of the autophagyinitiating ULK kinase complex [11]. Amino acid signalling
[12] and mTORC1 activity [13] also inhibit flux through
macropinocytosis, in a ULK-independent manner, by limiting
the capacity for lysosomal degradation of ingested protein
(figure 1) [12–14]. When amino acids are scarce, protein synthesis is inhibited and autophagy is initiated to support cell
survival, and the potential for maximal degradation of scavenged protein is established to facilitate cell growth. This
form of crosstalk may allow cells to function in an opportunistic manner during starvation, as the initiation of
autophagy could prolong cell survival, while increased
macropinocytic flux could poise cells to respond efficiently

to upstream signals, such as those from activated Ras [9],
growth factor receptors and PI3K [15] and Wnt [16], that
can initiate macropinocytosis. While growth factor signalling
would also activate mTORC1, and thereby suppress macropinocytic flux [15], the parallel requirement of amino acids
for mTORC1 activity [17], and the further regulation
of macropinocytic flux by amino acids in an mTORC1independent manner [12], would ensure that scavenging
activity remains maximal when amino acids are scarce. Cell
responses to starvation may also be tuned to the severity of
the stress. For example, the reduction in the availability of
even a single amino acid (e.g. leucine or glutamine) has
been shown to increase macropinocytic flux, but may not
inhibit mTORC1 activity that suppresses autophagy [12].
Total amino starvation, on the other hand, is a potent inducer
of autophagy, acting through loss of mTORC1 activity and
also additional signals, such as the PP2A-B55a phosphatase
that activates ULK1 in a parallel manner [18]. Autophagy
induction may therefore be reinforced as a cell response
when starvation is more severe.

(b) Entosis and autophagic lysosome reformation
regulated by mTORC1
Another form of bulk nutrient scavenging that is receiving
increasing attention is called entosis [19]. Through entosis,
cells ingest whole live neighbouring cells and degrade them
within enlarged endolysosomes, called entotic vacuoles,
which resemble phagosomes in macrophages. While the
downstream degradation stages of entosis resemble other
forms of cell engulfment, the upstream process is distinct,
as the ingested entotic cells play an active role in their
uptake by burrowing into their hosts, in the absence of
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While mTORC1 is active under nutrient-replete conditions,
conversely the AMP-activated protein kinase complex
(AMPK) remains inactive when nutrients are plentiful, and
becomes activated in response to starvation due to the
accumulation of AMP and ADP that bind directly to the
kinase complex [22]. When induced, AMPK initiates autophagy by phosphorylating the ULK kinase complex and also
suppresses mTORC1 activity by phosphorylating and inhibiting tuberous sclerosis complex 2 (TSC2), a GTPase-activating
protein (GAP) that inhibits the mTORC1 activator RHEB (ras
homologue enriched in brain) [11,23]. Recently, AMPK
activity was also shown to promote nutrient scavenging
through macropinocytosis [24], and through entosis [25], in
response to low energy stress that results from glucose starvation. Stimulation of macropinocytosis by AMPK occurred
through activation of the Rac1-GTPase, which controls actin
polymerization and membrane ruffling, and was independent of ATG5, demonstrating regulation separable from
autophagy [24].
For entosis, AMPK was found to regulate nutrient scavenging activity, curiously, in a non-cell-autonomous manner
[25]. Entosis is known to involve invasive activity on the part
of the ingested cells, which invade their hosts through a
mechanism involving RhoA-GTPase, actin and myosin [19].
This process is competitive between cells in a population, as
‘losers’ become ingested and eliminated, sacrificing themselves
and in the process supporting the growth and proliferation of
winners that absorb their nutrients [26]. Remarkably, AMPK
was found to be induced to the highest levels in starved cell
populations within loser cells and was required for their
uptake into winners [25]. Thus while AMPK can control

3. Direct cross-regulation through non-canonical
autophagy or LAP
A direct form of crosstalk between autophagy and endoytic processes was discovered by the elucidation of an unconventional
role of autophagy proteins in modifying macroendocytic
vesicles, including phagosomes, entotic vacuoles and also
macropinosomes [27]. This activity, called ‘non-canonical’
autophagy, is distinct and independent from the classical
autophagy pathway as it does not depend on the formation of
double-membrane autophagosome structures nor involve the
degradation of intracellular cargo [28–31]. During classical
autophagy, two ubiquitin-like conjugation systems direct the
lipidation of cytosolic ATG8 proteins (e.g. LC3) onto the lipid
phosphoethanolamine on membranes that form autophagosomes [32,33]. During ‘non-canonical’ autophagy, these
conjugation systems instead target LC3 lipidation onto endocytic membranes, including macropinosomes [28,34]. Among the
proteins comprising the ubiquitin-like conjugation machinery,
an E3 ligase-like complex consisting of ATG16L1, ATG5 and
ATG12, is responsible for determining which membrane is targeted for LC3 lipidation [33]. Key residues in the central
domain of ATG16L1 are required to target LC3 to autophagosome structures [35–37]. However, these residues are
not required for non-canonical autophagy and instead the
C-terminal WD40 domain was found to be essential in targeting
to single-membrane compartments [38]. Thus, by manipulating
ATG16L1, autophagy and endolysosomal non-canonical
autophagy can be distinguished as separate processes.
Non-canonical autophagy was first identified during phagocytosis, where it was termed LC3-associated phagocytosis,
or LAP [29,39– 42]. Following the phagocytic engulfment of
bacterial or fungal pathogens, LC3 was observed to transiently recruit to single-membrane phagosomes. This
occurred independently of classical autophagy, as it did not
rely on the ULK1 initiation complex, but it did require
ATG5 and ATG7, which are components of the ATG8 conjugation system. The same LAP pathway was subsequently
shown to function during the phagocytosis of apoptotic
and necrotic cells [28,41,43,44], in both in vitro and in vivo
models. Importantly, non-canonical autophagy was also
shown to associate with other distinct macro-scale endocytic
processes. For example, LC3 was shown to recruit to entotic
vacuoles harbouring live cells formed during entosis
[25,28,45] and to macropinosomes formed in a variety of
cell types through either constitutive or stimuli-induced
macropinocytosis [28,38] (figure 2). The non-canonical autophagy pathway commonly referred to as LAP is therefore
a regulatory mechanism that affects numerous endocytic
processes including macropinocytosis.

(a) Regulation of LAP and non-canonical autophagy
The upstream signals that activate non-canonical autophagy
remain to be fully elucidated but do not appear to involve

3

Phil. Trans. R. Soc. B 374: 20180154

(c) Regulation by AMPK

autophagy, macropinocytosis and entosis in starved cells, on
the one hand, it rescues individual cells from the effects of starvation in an autonomous manner through autophagy and
macropinocytosis, while on the other it sacrifices the most energetically compromised cells to feed others in the population in
the long term through entosis.

royalsocietypublishing.org/journal/rstb

known initiators of phagocytic ingestion such as exposure of
the ‘eat-me’ signal phosphatidylserine [19]. While mTORC1
signalling is not known to control entosis induction, the
activity of this kinase has been shown to regulate the end
stages of degradation that involve the redistribution of
digested cargo from entotic vacuoles into lysosome networks,
through mTORC1-dependent vesicle fission [20]. In this context, mTORC1 may not regulate nutrient efflux per se, but
rather the potential for efflux by regulating vesicle fission
and the redistribution of scavenged nutrients to the lysosome
network. This mTORC1-regulated activity may be related to
similar control over the end stages of autophagy, where a
related mTORC1-dependent process involving membrane
tubulation and vesicle fission, called autophagic lysosome
reformation, or ALR, establishes new lysosomes from
enlarged autophagolysosomes [21]. ALR occurs after prolonged periods of starvation when mTORC1 becomes
reactivated, and mTORC1 activity is required for tubulation
of the lysosomal membrane and a resulting resetting of lysosome networks to maintain prolonged autophagy flux. While
the vesicles generated by ALR are not thought to contain
cargo [21], those produced by membrane fission during entosis do contain scavenged material [20], and fission may be
involved in promoting the efflux and utilization of scavenged
metabolites (see also section ‘A link between vesicle trafficking and bulk nutrient scavenging’ below). This suggests,
intriguingly, that while mTORC1 activity is an inhibitor of
macropinocytic flux, it could promote nutrient scavenging
through entosis.
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Figure 2. Macropinosomes undergo LC3 lipidation. Confocal time-lapse imaging is shown of KrasV12-induced macropinocytosis in MCF10A ATG13
cells expressing green fluorescent protein (GFP)-LC3. Arrows mark newly formed macropinosomes to which GFP-LC3 is transiently recruited. Scale bar 3 mm (min:s).

(b) Functions of non-canonical autophagy
How the non-canonical autophagy modification of endolysosomal membranes functions during macroendocytic
processes is not fully understood. A number of studies have
proposed that the recruitment of ATG8 proteins modulates
the maturation of macroendocytic vesicles. During LAP and
entosis, LC3 was shown to target to phagosomes at a specific
stage of their maturation. Using fluorescent time-lapse
microscopy, LC3 was observed to recruit after the generation
of PI3P, recruitment of Rab5 and before the recruitment of
Rab7, LAMP1 and the acidification of the phagosome
[28,42]. This suggests that non-canonical autophagy might
regulate the transition from an early to late phagosomal compartment. In LAP-deficient macrophages, for example,
lacking ATG5 or ATG7, there was indeed an observed

defect in the recruitment of lysosomes and acidification of
phagosomes containing pathogens [31,40 –42,46], which corresponded to a defect in pathogen killing and clearance. A
similar LAP-dependent role for lysosome fusion and degradation of phagocytic cargo was also observed during
phagocytosis of apoptotic cells [28,31,41,43,44] and in the
clearance of shed photoreceptor outer segments (POS) by retinal epithelial cells. Importantly, LAP-dependent processing
of POS could support the recycling of retinoids necessary to
maintain the visual cycle in mice [30]. Similarly, during entosis, the siRNA-mediated knockdown of ATG5 or ATG7
reduced LC3 recruitment to entotic vacuoles and the killing
of internalized cells [25,28,47], thus implicating this pathway
in the entotic scavenging of nutrients. The presentation of
exogenous antigen on major histocompatibility complex class
II by professional antigen-presenting cells represents another
engulfment-associated process where there is now strong evidence showing a role for non-canonical autophagy [38,40,48].
These studies all point to a potential role for non-canonical autophagy in promoting lysosome fusion. ATG8 proteins
could function in this context by binding to any of a host of
known interacting proteins [49] to control endosome maturation. This function may also be context-specific, as the
presence of LC3 on phagosome membranes in human dendritic cells was shown, conversely, to inhibit fusion with
lysosomes [48]. Another study found no defect in lysosome
fusion or phagosome acidification in murine bone marrowderived macrophage in the absence of LAP [50]. Therefore,
while evidence suggests that non-canonical autophagy
modulates the fusion of lysosomes and phagosomes, there
may be context-dependent, species or cell type-specific differences. Emerging work also suggests that non-canonical
autophagy may modulate endosomal signalling involving
TLRs, B cell receptor (BCR) and integrins [46,51–54]. This
raises the concept that ATG8 decoration alters the signalling
potential of phagosomes, macropinosomes or endosomes,
possibly through ATG8-dependent recruitment of adaptor
proteins and modulation of vesicle trafficking. How LAPlike non-canonical autophagy modulates macropinocytosis
is an exciting new area of research for this important process.

4. The products of nutrient recycling
and scavenging
(a) Autophagy and macropinocytosis
While the initiating stages of autophagy and macropinocytosis are well studied, by contrast, the downstream stages that
regulate the recovery of key nutrients from lysosomes
remain less well understood. What is recycled or scavenged?
Early studies in yeast demonstrated that autophagy-deficient
cells, or cells with inhibited vacuolar degradation, had
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regulation by mTORC1 that is an important controller of
canonical autophagy. Nutrient starvation also appears
unlinked to this process, as the reported instances of this
non-canonical pathway involve cells cultured under nutrient-replete conditions, and the pathway appears unaffected
by nutrient starvation [27]. For LAP, certain surface receptors
including Toll-like receptors (TLRs) [42], Fcg receptors [39],
Dectin1 [40], PS receptors [41] and the b2 integrin Mac-1
[46] have been shown to be important for activating the pathway [27]. Receptor signalling leads to the generation of
phosphoinositide-3-phosphate (PI3P) via the Rubicon –
Vps34 complex [31]. Increased PI3P is required for efficient
activation of NADPH oxidase and generation of reactive
oxygen species (ROS), which are required for LAP [31,39].
However, it is not known whether these receptors and ROS
production are important for all incidences of non-canonical
autophagy such as macropinocytosis or entosis. Indeed, it is
unclear what receptors may be involved during macropinocytosis as this is often thought of as a receptor-independent
process. Interestingly, during macropinocytosis, not all
macropinosomes appear to be targeted by LC3, even in the
same cell. Monitoring constitutive macropinocytosis in
mouse embryonic fibroblasts (MEFs) by fluorescent timelapse imaging showed that only 50% of macropinosomes
recruited LC3 [28]. Why some macropinosomes are targeted
and others not is unknown. It may potentially relate to the
size or fate of macropinosomes, whether degradative or recycling in nature. It is likely that multiple signals exist
associated with specific engulfment programmes, but which
culminate and converge on a more universal regulatory
mechanism of non-canonical autophagy. One such regulatory
candidate is the function and activity of the V-ATPase. Inhibition of V-ATPase using Bafilomycin A was seen to inhibit
LC3 recruitment during a range of non-canonical autophagyassociated processes including LAP, while not affecting
upstream phagosome maturation events [34].
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also enter cells through macropinocytosis by binding to albumin in the serum. Through autophagy, fatty acids are also
important metabolites for recycling, through either whole
organelle turnover [67] or lipid droplet degradation (called
‘lipophagy’), which are upregulated in starved cells to promote the recycling of fatty acids that are used as an energy
source in mitochondrial metabolism through b-oxidation
[67,68]. Thus, numerous metabolites, in addition to amino
acids, are recovered through autophagic recycling or macropinocytic scavenging mechanisms to support the survival
or proliferation of starved cells.

(b) Bulk cell scavenging

(c) A link between vesicle trafficking and bulk nutrient
scavenging
Bulk nutrient scavenging of cells involves the formation of
macro-scale vesicles with sizes ranging from 5 to up to
15 mm in diameter [28]. Macropinosomes can also be large
and range in diameter from one to several microns. While
sequential maturation events involving RAB GTPases and
LC3 lipidation participate in regulating the fusion of lysosomes to these vesicles, the scavenged macromolecules
undergoing degradation are contained within large vesicles
whose membranes must undergo fission in order to, ultimately, shrink in size and disappear. mTORC1 activity was
the first identified regulator of this late stage of vesicle shrinkage, controlling the fission of apoptotic cell phagosomes in
macrophages and entotic vacuoles in epithelial cells [20].
Now a recent study identified an additional, parallel regulator of this end stage: the lipid kinase PIKfyve, an enzyme
that catalyses the conversion of phosphinositol-3-phosphate
(PI-3-P) on endosomal membranes to PI-3,5-P2 [14,70]. PIKfyve
activity, like mTORC1, regulates fission of the endolysosmal
vesicles harbouring ingested extracellular substrates, in a
manner that redistributes ingested material from phagosomes,
entotic vacuoles and macropinosomes, into the lysosome
network of engulfing cells [14]. When PIKfyve activity is
blocked, engulfed contents are no longer redistributed and

Phil. Trans. R. Soc. B 374: 20180154

In addition to individual classes of macromolecules such as
extracellular proteins or lipids, bulk substrates such as
whole cells or cell fragments can also be scavenged, and
these may supply large quantities of nutrients that are well
suited to support cell growth. Necrotic debris was recently
shown to be scavenged by cancer cells through macropinocytosis in a manner that could support growth and
proliferation. The ingestion of necrotic debris restored the
lipid droplet content of starved prostate cancer cells, providing evidence that scavenging of lipids from necrotic cell
fragments can contribute to lipid storage [24]. Apoptotic
cells have similarly been shown to act as a nutrient source
for macrophages to support survival and proliferation, and
in this context amino acids from phagocytosed corpses were
shown to be scavenged and used in protein synthesis [20].
Similarly, the ingestion of whole cells through entosis, or
through related mechanisms such as cell cannibalism [69],
can support cancer cell survival and proliferation, suggesting
that the scavenging of whole cells or cell fragments can
support proliferative potential, presumably by supplying
numerous nutrients in bulk, from amino acids and lipids, to
nucleosides, ions cofactors and potentially sugars.

5
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reduced levels of amino acids and lowered levels of protein
synthesis during nitrogen starvation (a potent inducer of
autophagy in yeast), demonstrating that amino acids are
one key nutrient that is recycled [55]. Amino acids are also
important products of autophagic recycling in mammalian
cells and in mice, where autophagy deficiency in response
to starvation after birth is associated with decreased tissue
and plasma amino acid levels [56], and in adulthood with
decreased levels of plasma arginine. Starved autophagydeficient adult mice die as a result of acute hypoglycaemia,
an effect potentially linked to a lack of amino acid recycling
to support gluconeogenesis in the liver [57]. In preimplantation development, amino acids are also an important
recycled substrate derived from the autophagic turnover of
maternal proteins, which supports the synthesis of new
zygotic proteins in the oocyte [58].
Macropinocytic scavenging is also targeted toward amino
acids. Albumin is one key scavenged protein that has been
shown to rescue cancer cells from amino acid starvation
and to contribute to the free amino acid pool in pancreatic
tumours [59,60]. As amino acids are orders of magnitude
more abundant in plasma in protein as compared to free
form [60], the macropinocytic scavenging of albumin, the
most abundant plasma protein, is one important strategy
that promotes the growth of cancer cells when blood is not
in abundant supply. Non-cancer cells such as macrophages
can also use macropinocytosis to feed [61], suggesting that
scavenging activity could more generally contribute to provide amino acids to cancer tissues. In addition to albumin,
the ingestion of proteins from the extracellular matrix, including fibronectin [59] and laminin [62] can also contribute to the
free amino pool in cells [62], suggesting that long-lived
matrix proteins, including those deposited by stromal cells,
may be important sources of amino acids in cancer tissues.
Matrix proteins are likely ingested by receptor-mediated
endocytosis [62], a process that, like macropinocytic flux, is
upregulated under amino acid starvation conditions when
matrix secretion by stromal cells is also increased [62]. Interestingly, a percentage of ingested albumin may also enter
some cancer cells through a receptor-mediated endocytic
route rather than through macropinocytosis [24].
In addition to amino acids, other key metabolites such as
ions [63], lipids and nucleosides are recycled or scavenged to
support the survival or growth of starved cells. Nucleosides
have emerged as a key recycled substrate that supports the
survival of starved cells. Amino acid starvation or mTORC1
inhibition induces the autophagic turnover of ribosomes
[64], through the ribophagy receptor NUFIP1-dependent
binding of ribosomal large subunits to LC3. While ribophagy
leads to the recycling of amino acids [64], the lysosomal
degradation of ribosomal RNA also generates nucleosides
that are exported and used as energy-generating substrates
to support cell survival or nucleic acid synthesis. Nucleosides
generated as products of autophagy were also previously
shown to promote the survival of Ras-mutant lung cancer
cells in response to starvation [65].
Scavenging activity can also be directed toward lipids. In
particular, monounsaturated fatty acids have been shown to
be harvested by Ras-mutant cancer cells directly from
serum, in the form of lysophospholipids, which supports proliferation [66]. Lysophospholipids could enter cells through
macropinocytosis, although the specific mechanism underlying their uptake in cancers is unknown. Fatty acids can

Here we have reviewed recent findings that link adaptive
mechanisms of nutrient recycling through autophagy and
nutrient scavenging through macropinocytosis, phagocytosis
and entosis. Crosstalk between these various mechanisms is
controlled by upstream signalling pathways that regulate
cell responses to nutrient starvation, by direct crossregulation mediated by autophagy pathway proteins and
by downstream regulators of nutrient efflux. Understanding
how these interconnected pathways are cross-regulated may
ultimately open new avenues to further our understanding
of the disease. For some aspects of the crosstalk discussed
here, implications for cancer therapy seem relatively straightforward. For example, mTOR inhibitors are in clinical trials
for the treatment of various cancers but have thus far
shown, in most cases, limited efficacy [71 –73]. While the
mechanistic underpinnings of this are likely complex,
enhanced macropinocytic scavenging activity linked to
increased lysosomal flux resulting from mTOR inhibition
could be one underlying factor [13]. mTOR inhibition
has indeed been shown to enhance cell proliferation in pancreatic tumour regions that are poorly vascularized, while
inhibiting proliferation at tumour margins [13]. It is conceivable that inhibiting the utilization of scavenged protein, for
example, by blocking the cytosolic export of amino acids
that require PIKfyve activity, could enhance the anti-cancer
effects of mTOR inhibition. In culture models, the pharmacological inhibition of PIKfyve activity largely blocks the
pro-proliferative effects of mTOR inhibition, when the
growth of various cancer cells is supported by albumin
scavenging [14]. PIKfyve inhibition has also been shown to
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5. Conclusion

limit the growth of multiple cancer types in mice, suggesting that PIKfyve is a promising therapeutic target whose
inhibition may block lysosomal nutrient recovery [74,75].
While the discovery of LAP and related pathways involving endolysosmal LC3 lipidation, or ‘non-canonical
autophagy’, demonstrated clear evidence of crosstalk
between autophagy pathway proteins and endocytic scavenging mechanisms, the upstream regulation of these pathways
appears to be largely distinct, and no clear effects of canonical
autophagy engagement on LAP-related pathways are known.
Strategies to inhibit canonical autophagy for therapeutic
benefit, involving, for example, the targeting of upstream
signalling modules such as the ULK kinase complex, or
mTORC1, are not predicted to affect the function of autophagy proteins in endocytic trafficking, as LC3 lipidation in
this context appears independent from these known
upstream signalling regulators of autophagy. The molecular
mechanism(s) underlying control over macroendocytic vesicle maturation by the lipidation of ATG8 still remain
unclear. While LC3 lipidation appears to be required for efficient lysosome fusion and/or degradative capacity in
multiple systems, it is unclear whether macropinocytic
scavenging of an extracellular protein involves such a role
[13,24], despite the lipidation of LC3 onto macropinosomes
(figure 2) [28]. In further studies, it will be important to
uncover how LC3 lipidation affects macropinosome maturation. Intriguingly, the treatment of cells with numerous
lysosomotropic drugs, including chloroquine [34], has been
shown to promote endolysosmal LC3 lipidation, suggesting
the possibility that treatment with lysosome inhibitors in a
clinical setting could block nutrient recycling and scavenging
activity, while at the same time promoting LAP-like LC3 lipidation. Elucidation of the full repertoire of effects of this form
of LC3 lipidation, across different cell types, on critical cellular activities such as endocytic trafficking, nutrient sensing,
lysosomal degradation and cytokine secretion, remains an
important area for future study. Recent genetic approaches
to distinguish this form of non-canonical autophagy from
canonical autophagy should facilitate these efforts [31,38].

royalsocietypublishing.org/journal/rstb

utilization of the scavenged amino acids in protein synthesis
was also inhibited, suggesting a link between vesicle fission
and the cytosolic export of nutrients. PIKfyve activity was
shown to be required for amino acid scavenging from
ingested apoptotic cells in macrophages, and also for the utilization of ingested albumin to support the proliferation of
amino-acid-starved cancer cells [14]. These findings demonstrate that distinct scavenging pathways share downstream
regulation through PIKfyve, which controls the cytosolic
nutrient export and also shrinkage of the large endocytic
vesicles that harbour ingested nutrient sources.

14.

15.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

(LC3)-associated phagocytosis is required for the
efficient clearance of dead cells. Proc. Natl Acad. Sci. USA
108, 17 396–17 401. (doi:10.1073/pnas.1113421108)
Sanjuan MA et al. 2007 Toll-like receptor signalling
in macrophages links the autophagy pathway to
phagocytosis. Nature 450, 1253–1257. (doi:10.
1038/nature06421)
Fazeli G, Stetter M, Lisack JN, Wehman AM. 2018 C.
elegans blastomeres clear the corpse of the second
polar body by LC3-associated phagocytosis. Cell Rep.
23, 2070–2082. (doi:10.1016/j.celrep.2018.04.043)
Martinez J et al. 2016 Noncanonical autophagy
inhibits the autoinflammatory, lupus-like response
to dying cells. Nature 533, 115 –119. (doi:10.1038/
nature17950)
Florey O, Kim SE, Overholtzer M. 2015 Entosis: cellin-cell formation that kills through entotic cell
death. Curr. Mol. Med. 15, 861–866. (doi:10.2174/
1566524015666151026100042)
Gluschko A, Herb M, Wiegmann K, Krut O, Neiss WF,
Utermohlen O, Kronke M, Schramm M. 2018 The
beta2 integrin Mac-1 induces protective LC3associated phagocytosis of Listeria monocytogenes.
Cell Host Microbe 23, 324 –337 e325. (doi:10.1016/
j.chom.2018.01.018)
Sun Q, Cibas ES, Huang H, Hodgson L, Overholtzer
M. 2014 Induction of entosis by epithelial cadherin
expression. Cell Res. 24, 1288–1298. (doi:10.1038/
cr.2014.137)
Romao S et al. 2013 Autophagy proteins stabilize
pathogen-containing phagosomes for prolonged
MHC II antigen processing. J. Cell Biol. 203,
757–766. (doi:10.1083/jcb.201308173)
Behrends C, Sowa ME, Gygi SP, Harper JW. 2010
Network organization of the human autophagy
system. Nature 466, 68 –76. (doi:10.1038/
nature09204)
Cemma M, Grinstein S, Brumell JH. 2016 Autophagy
proteins are not universally required for phagosome
maturation. Autophagy 12, 1440–1446. (doi:10.
1080/15548627.2016.1191724)
Acharya M et al. 2016 av Integrins combine with
LC3 and atg5 to regulate toll-like receptor signalling
in B cells. Nat. Commun. 7, 10917. (doi:10.1038/
ncomms10917)
Barrow-McGee R et al. 2016 Beta 1-integrin-c-Met
cooperation reveals an inside-in survival signalling
on autophagy-related endomembranes. Nat.
Commun. 7, 11942. (doi:10.1038/ncomms11942)
Hayashi K, Taura M, Iwasaki A. 2018 The interaction
between IKKalpha and LC3 promotes type I
interferon production through the TLR9-containing
LAPosome. Sci. Signal 11, eaan4144. (doi:10.1126/
scisignal.aan4144)
Henault J et al. 2012 Noncanonical autophagy is
required for type I interferon secretion in response
to DNA-immune complexes. Immunity 37,
986–997. (doi:10.1016/j.immuni.2012.09.014)
Onodera J, Ohsumi Y. 2005 Autophagy is required
for maintenance of amino acid levels and protein
synthesis under nitrogen starvation. J. Biol. Chem.
280, 31 582 –31 586. (doi:10.1074/jbc.
M506736200)

7

Phil. Trans. R. Soc. B 374: 20180154

16.

28. Florey O, Kim SE, Sandoval CP, Haynes CM,
Overholtzer M. 2011 Autophagy machinery
mediates macroendocytic processing and entotic cell
death by targeting single membranes. Nat. Cell Biol.
13, 1335–1343. (doi:10.1038/ncb2363)
29. Heckmann BL, Boada-Romero E, Cunha LD, Magne
J, Green DR. 2017 LC3-associated phagocytosis and
inflammation. J. Mol. Biol. 429, 3561– 3576.
(doi:10.1016/j.jmb.2017.08.012)
30. Kim JY et al. 2013 Noncanonical autophagy
promotes the visual cycle. Cell 154, 365–376.
(doi:10.1016/j.cell.2013.06.012)
31. Martinez J et al. 2015 Molecular characterization of
LC3-associated phagocytosis reveals distinct roles for
Rubicon, NOX2 and autophagy proteins. Nat. Cell
Biol. 17, 893 –906. (doi:10.1038/ncb3192)
32. Ichimura Y et al. 2000 A ubiquitin-like system
mediates protein lipidation. Nature 408, 488–492.
(doi:10.1038/35044114)
33. Fujita N, Itoh T, Omori H, Fukuda M, Noda T,
Yoshimori T. 2008 The Atg16L complex specifies the
site of LC3 lipidation for membrane biogenesis in
autophagy. Mol. Biol. Cell 19, 2092–2100. (doi:10.
1091/mbc.E07-12-1257)
34. Florey O, Gammoh N, Kim SE, Jiang X, Overholtzer
M. 2015 V-ATPase and osmotic imbalances activate
endolysosomal LC3 lipidation. Autophagy 11,
88 –99. (doi:10.4161/15548627.2014.984277)
35. Gammoh N, Florey O, Overholtzer M, Jiang X. 2013
Interaction between FIP200 and ATG16L1
distinguishes ULK1 complex –dependent and –
independent autophagy. Nat. Struct. Mol. Biol. 20,
144 –149. (doi:10.1038/nsmb.2475)
36. Nishimura T, Kaizuka T, Cadwell K, Sahani MH,
Saitoh T, Akira S, Virgin HW, Mizushima N. 2013
FIP200 regulates targeting of Atg16L1 to the
isolation membrane. EMBO Rep. 14, 284–291.
(doi:10.1038/embor.2013.6)
37. Dooley HC, Razi M, Polson HE, Girardin SE, Wilson
MI, Tooze SA. 2014 WIPI2 links LC3 conjugation
with PI3P, autophagosome formation, and
pathogen clearance by recruiting Atg12-5-16L1.
Mol. Cell 55, 238– 252. (doi:10.1016/j.molcel.2014.
05.021)
38. Fletcher K et al. 2018 The WD40 domain of
ATG16L1 is required for its non-canonical role in
lipidation of LC3 at single membranes. EMBO J. 37,
e97840. (doi:10.15252/embj.201797840)
39. Huang J, Canadien V, Lam GY, Steinberg BE, Dinauer
MC, Magalhaes MA, Glogauer M, Grinstein S,
Brumell JH. 2009 Activation of antibacterial
autophagy by NADPH oxidases. Proc. Natl Acad. Sci.
USA 106, 6226–6231. (doi:10.1073/pnas.
0811045106)
40. Ma J, Becker C, Lowell CA, Underhill DM. 2012
Dectin-1-triggered recruitment of light chain 3
protein to phagosomes facilitates major
histocompatibility complex class II presentation of
fungal-derived antigens. J. Biol. Chem. 287,
34 149– 34 156. (doi:10.1074/jbc.M112.382812)
41. Martinez J, Almendinger J, Oberst A, Ness R, Dillon CP,
Fitzgerald P, Hengartner MO, Green DR. 2011
Microtubule-associated protein 1 light chain 3 alpha

royalsocietypublishing.org/journal/rstb

13.

on catabolism of extracellular protein. Mol. Cell 67,
936–946 e935. (doi:10.1016/j.molcel.2017.08.011)
Palm W, Park Y, Wright K, Pavlova NN, Tuveson DA,
Thompson CB. 2015 The utilization of extracellular
proteins as nutrients is suppressed by mTORC1. Cell
162, 259–270. (doi:10.1016/j.cell.2015.06.017)
Krishna S, Palm W, Lee Y, Yang W, Bandyopadhyay
U, Xu H, Florey O, Thompson CB, Overholtzer M.
2016 PIKfyve regulates vacuole maturation and
nutrient recovery following engulfment. Dev. Cell
38, 536–547. (doi:10.1016/j.devcel.2016.08.001)
Palm W, Araki J, King B, DeMatteo RG, Thompson
CB. 2017 Critical role for PI3-kinase in regulating
the use of proteins as an amino acid source. Proc.
Natl Acad. Sci. USA 114, E8628–E8636. (doi:10.
1073/pnas.1712726114)
Redelman-Sidi G et al. 2018 The canonical Wnt
pathway drives macropinocytosis in cancer. Cancer
Res. 78, 4658–4670. (doi:10.1158/0008-5472.CAN17-3199)
Sancak Y, Peterson TR, Shaul YD, Lindquist RA,
Thoreen CC, Bar-Peled L, Sabatini DM. 2008 The Rag
GTPases bind raptor and mediate amino acid
signaling to mTORC1. Science 320, 1496 –1501.
(doi:10.1126/science.1157535)
Wong PM, Feng Y, Wang J, Shi R, Jiang X. 2015
Regulation of autophagy by coordinated action of
mTORC1 and protein phosphatase 2A. Nat. Commun.
6, 8048. (doi:10.1038/ncomms9048)
Overholtzer M, Mailleux AA, Mouneimne G,
Normand G, Schnitt SJ, King RW, Cibas ES, Brugge
JS. 2007 A nonapoptotic cell death process, entosis,
that occurs by cell-in-cell invasion. Cell 131,
966–979. (doi:10.1016/j.cell.2007.10.040)
Krajcovic M, Krishna S, Akkari L, Joyce JA,
Overholtzer M. 2013 mTOR regulates phagosome
and entotic vacuole fission. Mol. Biol. Cell 24,
3736–3745. (doi:10.1091/mbc.E13-07-0408)
Yu L et al. 2010 Termination of autophagy and
reformation of lysosomes regulated by mTOR.
Nature 465, 942 –946. (doi:10.1038/nature09076)
Steinberg GR, Kemp BE. 2009 AMPK in health and
disease. Physiol. Rev. 89, 1025 –1078. (doi:10.1152/
physrev.00011.2008)
Inoki K, Zhu T, Guan KL. 2003 TSC2 mediates
cellular energy response to control cell growth and
survival. Cell 115, 577–590. (doi:10.1016/S00928674(03)00929-2)
Kim SM et al. 2018 PTEN deficiency and AMPK
activation promote nutrient scavenging and
anabolism in prostate cancer cells. Cancer Discov. 8,
866–883. (doi:10.1158/2159-8290.CD-17-1215)
Hamann JC, Surcel A, Chen R, Teragawa C, Albeck
JG, Robinson DN, Overholtzer M. 2017 Entosis is
induced by glucose starvation. Cell Rep. 20,
201–210. (doi:10.1016/j.celrep.2017.06.037)
Sun Q, Luo T, Ren Y, Florey O, Shirasawa S, Sasazuki
T, Robinson DN, Overholtzer M. 2014 Competition
between human cells by entosis. Cell Res. 24,
1299–1310. (doi:10.1038/cr.2014.138)
Florey O, Overholtzer M. 2012 Autophagy proteins
in macroendocytic engulfment. Trends Cell Biol. 22,
374–380. (doi:10.1016/j.tcb.2012.04.005)

69. Lugini L et al. 2006 Cannibalism of live lymphocytes
by human metastatic but not primary melanoma
cells. Cancer Res. 66, 3629–3638. (doi:10.1158/
0008-5472.CAN-05-3204)
70. Shisheva A, Sbrissa D, Ikonomov O. 1999 Cloning,
characterization, and expression of a novel Zn2þbinding FYVE finger-containing phosphoinositide
kinase in insulin-sensitive cells. Mol. Cell. Biol. 19,
623–634. (doi:10.1128/MCB.19.1.623)
71. Xie J, Wang X, Proud CG. 2016 mTOR inhibitors in
cancer therapy. F1000Research 5, 2078. (doi:10.
12688/f1000research.9207.1)
72. Martelli AM, Buontempo F, McCubrey JA. 2018 Drug
discovery targeting the mTOR pathway. Clin. Sci.
132, 543–568. (doi:10.1042/CS20171158)
73. Wander SA, Hennessy BT, Slingerland JM. 2011
Next-generation mTOR inhibitors in clinical
oncology: how pathway complexity informs
therapeutic strategy. J. Clin. Invest. 121,
1231– 1241. (doi:10.1172/JCI44145)
74. Kim SM et al. 2016 Targeting cancer metabolism by
simultaneously disrupting parallel nutrient access
pathways. J. Clin. Invest. 126, 4088–4102. (doi:10.
1172/JCI87148)
75. Gayle S et al. 2017 Identification of apilimod as a
first-in-class PIKfyve kinase inhibitor for treatment
of B-cell non-Hodgkin lymphoma. Blood 129,
1768– 1778. (doi:10.1182/blood-2016-09-736892)

8

Phil. Trans. R. Soc. B 374: 20180154

63. Horie T, Kawamata T, Matsunami M, Ohsumi Y. 2017
Recycling of iron via autophagy is critical for the
transition from glycolytic to respiratory growth.
J. Biol. Chem. 292, 8533–8543. (doi:10.1074/jbc.
M116.762963)
64. Wyant GA et al. 2018 NUFIP1 is a ribosome receptor
for starvation-induced ribophagy. Science 360,
751 –758. (doi:10.1126/science.aar2663)
65. Guo JY et al. 2016 Autophagy provides metabolic
substrates to maintain energy charge and
nucleotide pools in Ras-driven lung cancer cells.
Genes Dev. 30, 1704–1717. (doi:10.1101/gad.
283416.116)
66. Kamphorst JJ, Cross JR, Fan J, de Stanchina E,
Mathew R, White EP, Thompson CB, Rabinowitz JD.
2013 Hypoxic and Ras-transformed cells support
growth by scavenging unsaturated fatty acids from
lysophospholipids. Proc. Natl Acad. Sci. USA 110,
8882 –8887. (doi:10.1073/pnas.1307237110)
67. Singh R, Kaushik S, Wang Y, Xiang Y, Novak I,
Komatsu M, Tanaka K, Cuervo AM, Czaja MJ. 2009
Autophagy regulates lipid metabolism. Nature 458,
1131 –1135. (doi:10.1038/nature07976)
68. Rambold AS, Cohen S, Lippincott-Schwartz J. 2015
Fatty acid trafficking in starved cells: regulation by
lipid droplet lipolysis, autophagy, and mitochondrial
fusion dynamics. Dev. Cell 32, 678–692. (doi:10.
1016/j.devcel.2015.01.029)

royalsocietypublishing.org/journal/rstb

56. Kuma A, Hatano M, Matsui M, Yamamoto A, Nakaya
H, Yoshimori T, Ohsumi Y, Tokuhisa T, Mizushima N.
2004 The role of autophagy during the early
neonatal starvation period. Nature 432,
1032–1036. (doi:10.1038/nature03029.
57. Karsli-Uzunbas G et al. 2014 Autophagy is required
for glucose homeostasis and lung tumor
maintenance. Cancer Discov. 4, 914–927. (doi:10.
1158/2159-8290.CD-14-0363)
58. Tsukamoto S, Kuma A, Murakami M, Kishi C, Yamamoto
A, Mizushima N. 2008 Autophagy is essential for
preimplantation development of mouse embryos.
Science 321, 117–120. (doi:10.1126/science.1154822)
59. Davidson SM et al. 2017 Direct evidence for cancercell-autonomous extracellular protein catabolism in
pancreatic tumors. Nat. Med. 23, 235–241. (doi:10.
1038/nm.4256)
60. Kamphorst JJ et al. 2015 Human pancreatic cancer
tumors are nutrient poor and tumor cells actively
scavenge extracellular protein. Cancer Res. 75,
544–553. (doi:10.1158/0008-5472.CAN-14-2211)
61. Yoshida S, Pacitto R, Yao Y, Inoki K, Swanson JA.
2015 Growth factor signaling to mTORC1 by amino
acid-laden macropinosomes. J. Cell Biol. 211,
159–172. (doi:10.1083/jcb.201504097)
62. Muranen T et al. 2017 Starved epithelial cells
uptake extracellular matrix for survival. Nat.
Commun. 8, 13989. (doi:10.1038/ncomms13989)

