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Review
Autophagy is a lysosomal degradation pathway that
acts as a dynamic regulator of tumorigenesis. Specifi-
cally, autophagy has been shown to impede early cancer
development while facilitating advanced tumor progres-
sion. Recent studies have uncovered several tumor-pro-
moting functions for autophagy; these include the
maintenance of multiple metabolic pathways critical
for aggressive tumor growth and the promotion of tu-
mor cell survival downstream of the unfolded protein
response. Furthermore, autophagy supports anoikis re-
sistance and cancer cell invasion. At the same time,
because autophagy cargo receptors, which are essential
for selective autophagy, lie upstream of diverse cancer-
promoting signaling pathways, they may profoundly
influence how alterations in autophagy affect tumor
development. This review focuses on how these tumor
cell autonomous functions of autophagy broadly impact
tumorigenesis.

Overview of autophagy and tumorigenesis
Macroautophagy (hereafter called autophagy) is an evolu-
tionarily conserved pathway of lysosomal-mediated cellu-
lar self-digestion. It involves the formation of a double-
membrane vesicle, the autophagosome, which engulfs cy-
toplasmic components and delivers them to the lysosome
for degradation (Box 1). Landmark studies in yeast have
identified over 30 autophagy-related genes (atgs); in re-
sponse to stress and starvation, numerous signaling path-
ways impinge on these ATGs to induce autophagy. The
resulting lysosomal digestion and recycling of cellular
contents is proposed to refuel cells with metabolic building
blocks that are critical for survival during stress [1–3]. Ad-
ditionally, during normal cellular homeostasis, autophagy
functions as a primary route of degradation for damaged
organelles and protein aggregates [4]. Because of these
conserved functions in eukaryotic cells, autophagy has
been proposed to act as a crucial cellular adaptation path-
way that promotes tumorigenesis by facilitating the sur-
vival of cancer cells under duress [5–7].

Nonetheless, over the past decade, studies of how autop-
hagy impacts cancer development have yielded conflicting
results. Initial studies demonstrating that loss of the
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essential autophagy regulator beclin1 (atg6) results in
increased tumorigenesis in mice provided genetic evidence
that autophagy serves tumor suppressive functions
[8,9]. Additionally, BECN1 was proposed to be a haploin-
sufficient tumor suppressor in humans, but a recent anal-
ysis of human cancer sequencing data questions these
original findings [10–12]. Further support for a role for
autophagy in limiting tumorigenesis came from elegant
studies in which the deletion of atg5 or atg7 led to sponta-
neous development of premalignant liver tumors due to
accumulation of oxidative stress and activation of genome
damage responses [13,14]. However, because tumor pro-
gression requires cancer cells to thrive in untoward envir-
onments, tumor-supporting functions for autophagy have
also been uncovered [7]. Now, we appreciate that autop-
hagy serves dual roles during tumorigenesis; its homeo-
static function limits genome-damaging events that would
otherwise favor tumor initiation, while its ability to help
cells mitigate stress facilitates advanced tumor progres-
sion [5,6]. Importantly, studies in genetically engineered
mouse models (GEMMs) of cancer have provided addition-
al support for these opposing functions of autophagy;
during oncogene activation, genetic deletion of ATGs
enhances early tumor development but impairs advanced
tumorigenesis [15–18] (Table 1). In addition, novel insight
into how autophagy controls tumor cell fate and regulates
cell phenotypes other than growth and survival has
emerged. Here, we focus on how GEMMs have improved
our understanding of how autophagy controls tumor cell
metabolism and cell survival, as well as highlighting new
cell biological functions for autophagy in tumor cells during
cancer progression.

Control of tumor cell metabolism by autophagy
Rapidly proliferating tumor cells have increased anabolic
demands, which are met by metabolic changes induced
upon activation of oncogenes and loss of tumor suppressors
[19]. At its most fundamental level, autophagy couples
catabolic breakdown of cellular content with anabolic path-
ways of macromolecule synthesis by supplying the cell with
intracellular metabolites generated via lysosomal-mediat-
ed degradation. Despite this salient feature of autophagy,
its importance in tumor cell metabolism was not appre-
ciated until recently.

Studies of oncogenic Ras transformation were the first
to demonstrate a role for autophagy in supporting tumor
cell proliferation and in maintaining metabolic function in
the context of oncogene activation. In mouse embryonic
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Box 1. Autophagosome formation and maturation in mammals

Autophagosome formation and maturation is a highly regulated

process that occurs through a series of distinct steps controlled by

ATGs (Figure IA). Initiation of autophagosome formation is regulated

by the ULK and class III PI3K complexes (Figure IB). The ULK complex

consists of ULK1/2, which are the mammalian orthologs of ATG1, as

well as mATG13, FIP200 (ATG17), and ATG101 [82]. Under nutrient-

rich conditions, the ability of the ULK complex to initiate autophagy is

inhibited by mTORC1, which phosphorylates and inactivates ULK1/2

[83]. Upon starvation, mTORC1 activity is suppressed, leading to

disassociation from and activation of the ULK complex. The class III

PI3K complex, consisting of the lipid kinase Vps34, Beclin1 (ATG6),

ATG14L, and p150, is then activated by the ULK complex [84]. The

PI3K complex functions to generate phosphatidylinositol 3-phosphate

(PI3P) at the site of early autophagosome formation for recruitment of

additional ATGs that will subsequently mediate elongation and

closure of the autophagosome membrane.

Elongation and closure is controlled by two ubiquitin-like conjuga-

tion pathways that conjugate ATG12 to ATG5 and LC3 to the lipid

phosphatidylethanolamine (PE) [85] (Figure IC). Conjugation of

ATG12 to ATG5 is regulated by the E1- and E2-like activities of

ATG7 and ATG10, respectively. The ATG12–ATG5 complex then

associates with ATG16 to form a multimeric complex that localizes to

the outer surface of the autophagosomal membrane. LC3 is

conjugated to PE by ATG7 and the E2-like enzyme ATG3, and the

ATG12–ATG5–ATG16 complex functions in an E3-like fashion to

promote LC3 lipidation by PE. PE is inserted into the autophagosome

membrane, and LC3–PE is localized to both the inner and outer

membranes. Importantly, these core ATGs that directly control

elongation of the autophagosome membrane are commonly targeted

for experimental purposes, either by genetic deletion or RNAi-

mediated depletion, to conduct functional studies of autophagy

during tumorigenesis. Additionally, LC3-PE (also termed LC3-II) is

commonly used as a marker of autophagosomes to monitor the

induction or inhibition of autophagy [86].

Ultimately, the autophagosome fuses with endocytic and lysoso-

mal compartments, leading to formation of the autolysosome

(Figure IA). Autophagic cargo is then degraded through the activity

of lysosomal proteases. The mechanisms underlying these late-

stage maturation steps are only beginning to emerge, but studies

aimed at identifying essential regulators of autolysosome formation

have unveiled roles for common mediators of cellular membrane

fusion, including Rab and soluble N-ethylmaleimide-sensitive factor

(NSF) attachment protein receptor (SNARE) proteins [87,88]. Further

elucidation of genes involved in these late stages will facilitate more

comprehensive functional analyses of the autophagy pathway in

cancer.
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Figure I. Autophagosome formation and maturation in mammals. (A) Overview. (B) The ULK and PI3K complexes initiate autophagosome formation. (C) Ubiquitin-like

conjugation pathways promote elongation of the autophagosome membrane.
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fibroblasts (MEFs) transformed with oncogenic HRas and
MDA-MB-231 human breast carcinoma cells, which harbor
oncogenic KRas, genetic autophagy inhibition reduced
anchorage-independent transformation, slowed prolifera-
tion, and decreased glycolysis [20]. Similar results were
obtained in a transgenic model of breast tumorigenesis
driven by the polyoma middle T (PyMT) oncogene; deletion
of FIP200, which is essential for autophagy initiation,
impaired glycolysis in these tumor cells in vitro and re-
duced mammary tumorigenesis in vivo [21]. An additional
requirement for autophagy in cancer cell metabolism was
subsequently shown using HRas-transformed immortal-
ized baby mouse kidney (iBMK) cells and pancreatic ductal
38
adenocarcinoma (PDAC) cell lines with activated Ras
[22,23]. Remarkably, these studies described an increase
in autophagy with oncogenic activation of Ras, suggesting
that sustained autophagy allows Ras-transformed tumor
cells to meet their high metabolic demands. Accordingly,
inhibiting autophagy in these models led to multiple
defects in mitochondrial metabolism, including decreased
production of tricarboxylic acid (TCA) cycle intermediates,
reduced mitochondrial respiration, and diminished ATP
production. Although these various studies of Ras trans-
formation uncovered different requirements for autophagy
during glycolysis versus mitochondrial metabolism, collec-
tively they demonstrated that autophagy is important for



Table 1. Effects of atg deletion on cancer progression and metabolism in GEMMs of cancer

GEMM Atg deletiona Phenotype upon autophagy inhibition Refs

Cancer type Genotype Tumor progressionb Tumor cell metabolismc

Mammary carcinoma MMTV-PyMT FIP200

(MMTV-Cre)

Decreased initiation and progression Impaired glycolysis [21]

Non-small cell

lung cancer

lox-stop-lox-KrasG12D;

Tp53flox/flox

Atg7

(intranasal

adenoviral Cre)

Decreased progression, oncocytoma

formation

Impaired mitochondrial

metabolism and fatty

acid oxidation, lipid

accumulation

[24]

Non-small cell

lung cancer

lox-stop-lox-KrasG12D Atg5

(intranasal

adenoviral Cre)

Increased initiation, decreased

progression, oncocytoma formation

Impaired mitochondrial

metabolism

[15]

Non-small cell

lung cancer

frt-stop-frt-KrasG12D;

Tp53frt/frt

Atg7

(Ubc-CreERT2)

Decreased progression, oncocytoma

formation

Lipid accumulation [25]

Non-small cell

lung cancer

BrafV600E; Tp53flox/flox Atg7

(intranasal

adenoviral Cre)

Increased initiation, decreased

progression, oncocytoma formation

Impaired mitochondrial

glutamine metabolism

[18]

Pancreatic cancer lox-stop-lox-KrasG12D;

Pdx-cre

Atg5 or Atg7

(Pdx-Cre)

Increased initiation, decreased

progression

ND [16]

Pancreatic cancer lox-stop-lox-KrasG12D;

Tp53flox/flox; Pdx-cre

Atg5 or Atg7

(Pdx-Cre)

Increased progression Increased glycolysis [16]

Pancreatic cancer lox-stop-lox-KrasG12D;

Tp53flox/+; Pdx-cre

Atg5

(Pdx-Cre)

Increased initiation, decreased

progression

ND [17]

aThe method of cre recombinase-mediated deletion is indicated in parentheses. MMTV-Cre expression is mammary epithelial cell specific, Ubc-CreERT2 expression is

ubiquitous and tamoxifen-inducible, and Pdx-Cre is exocrine and endocrine pancreatic specific.

bEffects on tumor initiation are related to tumor onset and development of early-stage tumors. Effects on progression are related to advanced tumorigenesis.

cND indicates that the metabolic phenotype was not determined in the context of atg deletion.
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supporting the diverse metabolic demands of different
tumor types.

The role of autophagy in sustaining Ras-regulated me-
tabolism has also been explored in lung and pancreatic
cancer GEMMs driven by oncogenic KRas or the Ras
effector Braf (Table 1). Deletion of atg5 or atg7 in an
oncogenic KRas-induced lung cancer model led to dimin-
ished overall lung tumor burden; notably, autophagy-defi-
cient tumors exhibited oncocytic differentiation, marked by
the accumulation of abnormal mitochondria within tumor
cells [15,24,25]. In the absence of the tumor suppressor
p53, this loss of mitochondrial homeostasis resulted in
defective fatty acid oxidation and, consequently, impaired
lipid metabolism when atg7 was deleted [24]. Based on
these results, the authors concluded that reduced lipid
catabolism compromises the ability of autophagy-deficient
tumor cells to cope with nutrient deprivation. In a Braf-
driven lung cancer model, advanced tumor progression was
similarly reduced by atg7 deletion [18]. Autophagy-defi-
cient cell lines derived from these tumors harbored aber-
rant mitochondria and addition of the metabolite
glutamine rescued defects in mitochondrial metabolism,
suggesting that autophagy-inhibited tumor cells exhibit
slowed growth due to increased metabolic stress associated
with a lack of intermediates that drive mitochondrial
metabolic pathways. Defects in lipolysis were not observed
here as in the KRas lung model, but these studies none-
theless corroborated the importance of autophagy in regu-
lating metabolic homeostasis by broadly controlling proper
mitochondrial function. Furthermore, autophagy inhibi-
tion also reduced growth and survival of central nervous
system tumor cells with activated Braf. While the impact
of autophagy on metabolism was not investigated here,
the results obtained in the Braf lung model suggest an
underlying mechanism by which autophagy may impact
Braf-driven growth across multiple tumor types [26].

Studies of pancreatic cancer GEMMs driven by mutant
KRas have revealed a seemingly complex and varying role
for autophagy in controlling tumor cell metabolism. In the
context of embryonic p53 deletion in the pancreas, genetic
and pharmacological inhibition of autophagy actually
accelerates pancreatic tumor progression [16]. Cells isolat-
ed from these tumors lacking both ATG7 and p53 exhibited
increased rates of glycolysis and increased levels of me-
tabolites in the pentose phosphate pathway, a key side
branch of glucose metabolism that facilitates tumor
growth. By contrast, when p53 inactivation occurred by
somatic loss of heterozygosity (LOH), autophagy inhibition
resulted in impaired PDAC progression, and pharmacolog-
ical targeting of autophagy using the lysosomal inhibitor
chloroquine led to defects in mitochondrial respiration
across a panel of human PDAC cell lines, regardless of
p53 status [17].

Much remains to be learned with regard to the precise
mechanisms through which autophagy controls metabo-
lism. While specific enzymes involved in glycolysis have
been shown to regulate autophagy, no such regulation by
autophagy on particular steps of the glycolytic pathway has
been uncovered [27,28]. Additionally, although accumula-
tion of abnormal mitochondria due to decreased mitophagy
may explain the defects associated with mitochondrial me-
tabolism upon autophagy inhibition, impaired mitophagy
was not observed in autophagy-deficient PDAC cell lines
that exhibited diminished oxidative phosphorylation
[23]. This discrepancy suggests that there are mitophagy-
independent pathways through which autophagy controls
mitochondrial metabolism and that engagement of these
various regulatory mechanisms may be context-dependent.
39
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Moreover, in most studies, these metabolic defects have
been characterized using tumor cell lines in culture. While
this method certainly facilitates a detailed analysis of met-
abolic parameters, it may not accurately recapitulate the
metabolic state of tumors in vivo. In vivo application of
established NMR-based technologies to assay glycolysis
during tumor formation or use of methods to measure
metabolism in freshly isolated mitochondria from tumors
will provide further insight into the role of autophagy in
cancer metabolism [29,30].

Autophagy and the unfolded protein response in cancer
In addition to being critical for metabolic adaptation,
autophagy has other functions in helping tumors cope
with oncogene, environmental, and therapy-induced
stresses, particularly during induction of the unfolded
protein response (UPR) (Figure 1). The UPR is a cytopro-
tective pathway that alleviates stress associated with
accumulation of misfolded proteins in the endoplasmic
reticulum (ER) [31]. It is regulated by three sensors,
including protein kinase RNA-like ER kinase (PERK),
which phosphorylates the translation regulatory protein
eukaryotic initiation factor 2a (eIF2a), ultimately leading
to a block in translation to prevent further accumulation of
unfolded proteins. Recently, oncogenic activation of c-Myc,
which promotes increased translation, was shown to acti-
vate the UPR to accommodate this increase in protein
synthesis [32]. Knockout of PERK led to cell death in the
context of activated c-Myc, and this cytoprotective func-
tion was due to PERK-mediated activation of autophagy.
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Figure 1. Unfolded protein response (UPR)-mediated induction of cytoprotective autoph
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Similar results were obtained in a Drosophila model of
Myc overexpression in which induction of the UPR and
PERK led to an autophagy-dependent increase in cell
growth [33].

While the mechanism of autophagy induction by the
UPR during Myc transformation remains unclear, hypoxia
can also induce UPR-dependent upregulation of autop-
hagy downstream of PERK via transcriptional mecha-
nisms [34,35]. During hypoxia-induced UPR, increased
expression of the transcription factors activating tran-
scription factor 4 (ATF4) and CCAAT-enhancer-binding
protein homologous protein (CHOP) leads to enhanced
expression of unc-51-like kinase 1 (ULK1), which is re-
quired for initiation of autophagy, and microtubule-asso-
ciated proteins 1A/1B light chain 3B (MAP1LC3B) and
ATG5, which are both essential for autophagosome forma-
tion. Increased expression of essential ATGs downstream
of the UPR is also seen during other stresses, such as
extracellular matrix (ECM) detachment, suggesting tran-
scriptional upregulation of ATGs may be a general route of
autophagy upregulation by the UPR [36]. Moreover, be-
cause hypoxia occurs in multiple tumor types, this mech-
anism of cytoprotective autophagy induction may be
common across many cancers. Similarly, inhibition of Braf
by targeted therapy in melanoma activates autophagy
downstream of PERK, and this induction mediates resis-
tance of tumor cells to Braf inhibitors [37]. Thus, like
hypoxia, activation of autophagy by therapy-induced
UPR and PERK may be another route of cytoprotective
autophagy induction in various cancers.
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Figure 2. Autophagy promotes anoikis resistance and tumor cell invasion. (A) 3D culture of MCF10A cells leads to the formation of acini with hollow lumens. Luminal

clearance occurs through anoikis of central cells (depicted in red) lacking extracellular matrix (ECM) contact. Oncogene activation protects luminal cells from anoikis,

leading to the formation of structures with filled lumens. Autophagy promotes the survival of both normal and transformed epithelial cells deprived of ECM contact;

therefore, inhibiting autophagy leads to increased anoikis. (B) Autophagy promotes tumor cell invasion by facilitating the secretion of multiple pro-invasive cytokines.

Activation of the nuclear factor of kappa light polypeptide gene enhancer in B cells (NFkB) and mitogen-activated protein kinase (MAPK) pathways by autophagy has been

shown to contribute to the increased production of these secreted factors. In turn, these cytokines may augment a pro-invasive gene signature program through the

induction of epithelial-to-mesenchymal transition (EMT).

Review Trends in Cell Biology January 2015, Vol. 25, No. 1
While autophagy may support tumor cells during hyp-
oxia by diverse mechanisms, one can speculate that the
ability of autophagy to facilitate glycolysis and supply
metabolites, as has been observed during Ras transforma-
tion, may also be critical for metabolic adaption to oxygen
deprivation. A similar requirement for autophagy during
Myc-induced metabolic changes may also exist, since Myc
transformation has been associated with enhanced glycol-
ysis and glutamine metabolism [38]. Overall, an important
outcome of UPR-mediated activation of autophagy may be
to sustain tumor cell metabolism. Future studies interro-
gating connections between the various requirements for
autophagy during diverse stresses and in the context of
different oncogenes may uncover conserved mechanisms
for control of tumorigenesis by autophagy.

Regulation of cellular invasion and metastasis by
autophagy
Metastasis, the process by which tumor cells spread to
foreign sites throughout the body, involves phenotypic
changes that allow tumor cells to gain entry into and
out of the vasculature and to survive stresses associated
with traversing the circulation and growing in a foreign
microenvironment [39,40]. In many cancer patients,
metastasis is the primary cause of mortality, primarily
because limited treatments for metastatic disease exist.
Interestingly, autophagy impacts cell biological pheno-
types that regulate metastasis, such as resistance to anoi-
kis and invasion (Figure 2). Resistance to anoikis allows
cells to survive stress associated with ECM detachment,
which may occur while tumor cells are in the circulation
or at the metastatic site where they cannot fully engage the
foreign ECM [41]. Invasion allows tumor cells to access the
vasculature for dissemination and to exit the circulation
at metastatic sites [42,43].

Autophagy was first shown to promote the survival of
non-transformed mammary epithelial cells during ECM
detachment; subsequent studies revealed that detach-
ment-induced autophagy is critical for adhesion-indepen-
dent transformation [20,44]. Multiple Ras-transformed
human cancer cell lines upregulate autophagy upon de-
tachment, and autophagy inhibition compromises adhe-
sion-independent growth and survival of cells harboring
activated Ras. Similarly, when oncogenic phosphatidyli-
nositide 3-kinase (PI3K)-transformed MCF10A cells were
grown in 3D culture, autophagy inhibition led to increased
41
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apoptosis of luminal cells deprived of ECM contact [45]. Re-
cently, this requirement for autophagy during anoikis
resistance was shown to be necessary for metastasis of
hepatocellular carcinoma (HCC) cells [46]. Autophagy in-
hibition attenuated pulmonary metastasis of HCC cells
following orthotopic transplantation into nude mice, and
this defect correlated with increased anoikis of autophagy-
deficient HCC cells.

Autophagy has also emerged as a regulator of cellular
invasion and migration. In an organotypic model of inva-
sion through a collagen matrix, knockdown of the essential
autophagy regulator, ATG12, decreased invasive capacity
of glioma cells [47]. Although this study did not delineate
the mechanism of autophagy-mediated invasion, other
studies have demonstrated multiple routes by which
autophagy controls invasion. For example, in glioblastoma
(GBM) stem cells, autophagy inhibition or knockdown of
the autophagy regulator p62 decreased invasion and mi-
gration in vitro and led to metabolic defects [48]. Based on
previous evidence indicating that glycolysis is important
for GBM invasion, the authors proposed a model in which
p62-dependent autophagy impacts metabolism to control
invasion [49].

Further roles for autophagy in regulating invasion have
been uncovered in other models. Invasion of HCC cells
during starvation was shown to be autophagy-dependent,
due to the ability of autophagy to stimulate transforming
growth factor beta (TGFb) and promote epithelial-to-mes-
enchymal transition (EMT), a well-established transcrip-
tional program that supports metastasis [50]. A similar
requirement for autophagy in controlling invasion was
observed in Ras-transformed epithelial cells in 3D culture
[51]. Autophagy inhibition attenuated invasion and caused
a partial reversion of EMT. Additionally, impaired self-
eating led to decreased secretion of multiple pro-invasive
cytokines, including interleukin-6 (IL6). Notably, de-
creased invasion upon autophagy inhibition was partly
restored with IL6 re-addition, demonstrating a specific
need for the autophagy pathway in controlling secretion
of this cytokine. Furthermore, autophagy-deficient Ras-
transformed cells exhibited reduced pulmonary metastases.
Overall, these findings uncovered a new role for autophagy
during cancer cell invasion by promoting secretion and
suggested that autophagy-dependent secretion may be im-
portant for metastasis in vivo. An additional report showed
that induction of autophagy by toll-like receptors (TLRs)
promotes secretion of pro-invasive factors, including IL6, in
lung cancer cells, further corroborating a role for autophagy
as a determinant of pro-invasive secretion [52].

The mechanism by which autophagy controls secretion
during invasion remains poorly defined. Although these
phenotypes may be secondary to autophagic turnover of
secretory regulators, autophagy has been directly impli-
cated in promoting both conventional and unconventional
secretion in other contexts [53]. During TLR-mediated
invasion, autophagy upregulates signaling pathways that
promote secretion, such as nuclear factor of kappa light
polypeptide gene enhancer in B cells (NFkB) and mitogen-
activated protein kinase (MAPK), but how autophagy
controls these pathways in this model is unclear [52].
Furthermore, IL6 can promote EMT and stimulate TGFb
42
signaling, which argues that autophagy-dependent secre-
tion may also be important for HCC cell invasion [54].

Lastly, in contrast to the studies above, autophagy has
been described as a suppressor of metastasis by preventing
p62-dependent stabilization of the EMT-promoting tran-
scription factor Twist1 [55]. Because EMT is regulated by
multiple signaling pathways and transcription factors,
these varying roles of autophagy in regulating EMT and
invasion point to a complex relationship between self-
eating and metastasis [56]. Hence, additional work is
needed to establish the cellular functions for autophagy
during in vivo cancer invasion and metastasis.

Regulation of tumorigenesis by autophagy cargo
receptors
Autophagy cargo receptors mediate selective degradation of
autophagy substrates by binding ubiquitinated targets and
recruiting autophagosomes to this cargo. This recruitment
generally occurs through interaction of receptors with LC3
via an LC3 interacting region (LIR), but the recent identifi-
cation of the ferritin receptor nuclear receptor coactivator 4
(NCOA4), which lacks a canonical LIR, points to additional
mechanisms by which cargo receptors interact with autop-
hagosomes [57,58]. Importantly, because these receptors
are themselves degraded during selective autophagy, inhi-
bition of autophagy promotes their accumulation and
results in aberrant regulation of their downstream path-
ways. This may have crucial implications for tumorigenesis,
as illustrated by studies demonstrating tumor-promoting
functions for the archetypal autophagy cargo receptor p62/
sequestosome 1 (SQSTM1) [59,60].

p62/SQSTM1 is a versatile, multidomain adapter that
regulates several signaling pathways to promote tumori-
genesis [59,60] (Figure 3). Among these, NFkB-mediated
control of proinflammatory signaling and regulation of the
antioxidant response by nuclear factor erythroid 2-related
factor 2 (Nrf2) have been most strongly linked to tumori-
genesis in the context of autophagy inhibition. Through
interaction with tumor necrosis factor (TNF) receptor as-
sociated factor (TRAF6), p62 promotes NFkB signaling,
and this p62-mediated activation of NFkB is required
for Ras-induced lung and pancreatic tumorigenesis
[60–62]. Indeed, atg5 knockout or overexpression of p62
in tumorigenic iBMK cells enhances tumor growth by
modulating NFkB signaling [63]. Additionally, p62 regu-
lates tumorigenesis of transformed MEFs during autop-
hagy inhibition resulting from knockout of FIP200
[64]. When p62 is depleted in FIP200 null tumor cells,
tumor growth is inhibited. Conversely, when p62 is re-
expressed in p62 knockout cells also deleted for FIP200,
tumor growth is enhanced and NFkB signaling is upregu-
lated. Similarly, regulation of the transcription factor Nrf2
by p62 is also important for tumorigenesis. p62 inhibits
degradation of Nrf2, a key regulator of the oxidative stress
response, by binding to Kelch-like erythroid-cell-derived
protein with CNC homology (ECH)-associated protein 1
(Keap1), an adaptor for the E3 ubiquitin ligase that pro-
motes Nrf2 degradation [65]. The ability of p62 to support
tumor growth by activating Nrf2 is crucial for the sponta-
neous development of liver tumors due to atg5 or atg7
knockout [13,14,66].
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deletion promotes nuclear factor erythroid 2-related factor 2 (Nrf2) stability and activity by increasing levels of p62, which interacts with and sequesters Kelch-like erythroid-

cell-derived protein with CNC homology (ECH)-associated protein 1 (Keap1). Keap1 is an adaptor for the E3-ubiquitin ligase that promotes Nrf2 ubiquitination and

proteosomal degradation. Nrf2-mediated expression of antioxidants promotes tumor growth. Furthermore, in response to nutrient signaling, p62 complexes with

regulators of mammalian target of rapamycin (mTOR) to activate mTOR complex 1 (mTORC1) at the lysosome and promote cell growth. The impact of p62 on mTORC1

pathway activation during autophagy inhibition has not been established. Finally, RNAi-mediated depletion of ATGs or p62 overexpression enhances extracellular signal-

regulated kinase (ERK) signaling to enable the proliferation of transformed cells. The mechanism underlying this increase in ERK activity is not understood.
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p62 also controls additional pro-tumorigenic pathways,
including those regulated by mammalian target of rapa-
mycin complex 1 (mTORC1) and extracellular signal-reg-
ulated kinase (ERK). mTORC1 critically regulates tumor
cell growth, and p62 activates mTORC1 by potentiating its
ability to complex with Rag GTPases and TRAF6 and by
facilitating its recruitment to lysosomes; this regulation of
mTORC1 by p62 supports tumor growth in vivo and cell
proliferation in vitro [67,68]. Autophagy inhibition or p62
overexpression can also enhance the growth of PI3K-trans-
formed MCF10A cells in 3D culture [45]. In this model,
p62-induced proliferation correlates with activation of
mitogenic ERK signaling. These studies collectively point
to a pro-tumorigenic function for p62 and highlight the
varied regulatory roles of p62 during tumorigenesis.

In addition to p62, other cargo receptors, such as nuclear
dot protein 52 kDa (NDP52), optineurin (OPTN), and
neighbor of BRCA1 gene 1 (NBR1), mediate selective
autophagy [57]. Similar to p62, NDP52 has been implicat-
ed in regulation of NFkB signaling in lung cancer cells
[69]. Although this regulation was proposed to occur
through NDP52-mediated selective autophagy, the precise
mechanism is unknown. In lung cancer cells, the ubiqui-
tylation of OPTN increases autophagy, promotes the deg-
radation of p62 and damaged proteins, and suppresses
lung tumorigenesis in nude mice [70]. Moreover, OPTN
can inhibit NFkB signaling, but how this regulation affects
tumor development has not been investigated [71]. While
formal evidence for NBR1 in mediating tumor progression
is lacking, it is noteworthy that NBR1 can support Nrf2
antioxidant signaling to potentially impact cancer [72].
Additionally, NBR1 regulates selective autophagic clear-
ance of midbodies that form during cell division, and mid-
body accumulation contributes to increased growth of
tumor cells in vitro [73]. Overall, further establishing
the contribution of these selective autophagy regulators
to cancer progression remains an important and exciting
topic for future study.

Concluding remarks
Given the diversity of tumor types and the numerous
oncogenic drivers involved in cancer, the role of autophagy
during cancer progression will likely continue to remain
complex and intensely debated. Thus, going forward it will
be imperative to use appropriate models of disease to
accurately determine the clinical contexts in which autop-
hagy inhibition or activation should be considered thera-
peutically. Moreover, the controversial and context-
dependent role of autophagy during initiation and
advanced progression of tumors emphasizes the need for
a comprehensive understanding of the cell biological
processes regulating autophagy during tumorigenesis.
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Certainly, the highly dynamic nature of autophagy and its
regulation by many evolutionarily conserved genes and
diverse signaling pathways suggests there are countless
avenues by which cancer cells can modulate the pathway to
their benefit.

Although research to date has identified many stress
pathways in tumor cells that induce autophagy, better
elucidating the relationship between autophagy and these
pathways in cancer GEMMs remains an important goal.
For example, understanding if there is a defined repertoire
and coordination of stress-induced pathways that drive
autophagy in particular tumor types may reveal unexpect-
ed routes for therapeutic modulation of autophagy in a
tumor-specific manner. Such knowledge may also lead to
development of therapeutic alternatives to hydroxychlor-
oquine (HCQ)-mediated lysosomal inhibition, which is
currently the major clinical option for inhibiting autophagy
in patients [74–81]. Furthermore, autophagy has tradition-
ally been viewed as a pathway that promotes tumor cell
survival during stress; nevertheless, the aforementioned
studies of invasion, secretion, and EMT have begun to
illuminate new functions for autophagy in tumor cells.
As these novel roles for autophagy during tumorigenesis
continue to emerge, understanding the mechanisms by
which self-eating controls these processes may expose
opportunities for specific targeting of autophagy-depen-
dent phenotypes in tumor cells.

Finally, this review specifically focuses on the functions
of autophagy in tumor cells. However, because the effects of
pharmacological inhibitors like HCQ are not confined to
cancer cells, their long-term use may be limited by adverse
effects associated with autophagy and lysosomal inhibition
in normal cells. Indeed, a recent study of inducible system-
ic atg7 deletion in adult mice demonstrates that acute
autophagy ablation elicits the rapid regression of KRas
lung tumors; however, extended periods of autophagy
deficiency causes the deterioration of multiple tissues
and lethal neurodegeneration [25]. To identify new strate-
gies that selectively target autophagy in cancer cells with-
out harming normal tissue, we must continue to define the
cellular and metabolic functions of autophagy in both
normal and tumor cells.
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