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Macroautophagy (referred to here as autophagy)is induced
by starvation to capture and degrade intracellular proteins
and organelles in lysosomes, which recycles intracellular
components to sustain metabolism and survival. Auto-
phagy also plays a major homeostatic role in controlling
protein and organelle quality and quantity. Dysfunc-
tional autophagy contributes to many diseases. In cancer,
autophagy can be neutral, tumor-suppressive, or tumor-
promoting in different contexts. Large-scale genomic
analysis of human cancers indicates that the loss or muta-
tion of core autophagy genes is uncommon, whereas on-
cogenic events that activate autophagy and lysosomal
biogenesis have been identified. Autophagic flux, howev-
er, is difficult to measure in human tumor samples, mak-
ing functional assessment of autophagy problematic in a
clinical setting. Autophagy impacts cellular metabolism,
the proteome, and organelle numbers and quality, which
alter cell functions in diverse ways. Moreover, autophagy
influences the interaction between the tumor and the host
by promoting stress adaptation and suppressing activation
of innate and adaptive immune responses. Additionally,
autophagy can promote a cross-talk between the tumor
and the stroma, which can support tumor growth, partic-
ularly in a nutrient-limited microenvironment. Thus, the
role of autophagy in cancer is determined by nutrient
availability, microenvironment stress, and the presence
of an immune system. Here we discuss recent develop-
ments in the role of autophagy in cancer, in particular
how autophagy can promote cancer through suppressing
p53 and preventing energy crisis, cell death, senescence,
and an anti-tumor immune response.

The core autophagy machinery is encoded by autophagy-
related (ATG) genes, of which there are now >30 (Ktistakis
and Tooze 2016). These genes and their protein products
are regulated by numerous upstream signals, including
nutrient availability, stressors, defective organelles, and

[Keywords: autophagy; ATG; cancer; mouse models; chloroquine|
Corresponding author: eileenpwhite@gmail.com

Article is online at http://www.genesdev.org/cgi/doi/10.1101/gad.287524.
116.

pathogenic conditions. ATG gene products control the
formation of the hallmark double-membrane vesicle, the
autophagosome. Other genes encode cargo receptors
that direct the cargo to the forming autophagosome. Con-
trol of the trafficking machinery then orchestrates fusion
of the cargo-laden autophagosomes with lysosomes. Deg-
radative enzymes, contributed by lysosomes, break down
the cargo, and the products are exported into the cyto-
plasm, where they are recycled into metabolic and biosyn-
thetic pathways (Rabinowitz and White 2010; Guo et al.
2016). Under normal nutrient conditions, autophagy func-
tions at a constitutive, low basal level to maintain protein
and organelle quality, quantity, and functionality. The
ATG genes and autophagy are dramatically induced by
starvation and other stressors, which enable cellular and
organismal survival. Up-regulation of autophagy is a
means to survive nutrient stress, which is conserved
from yeast to mammals. More recently, there is a growing
appreciation of the role played by ATG genes in modulat-
ing intracellular trafficking, endocytosis, exocytosis, mac-
ropinocytosis, and exosome production (White 2013;
Baixauli et al. 2014; Ponpuak et al. 2015).

Core autophagy genes are generally not mutated in cancer

Early evidence suggested that BECN1 (ATG6) was a tumor
suppressor gene. Thiswasbased on reports that one allele of
BECN1waslostwith high frequency in breast, ovarian, and
prostate cancer; that BECN1 overexpression suppressed
human breast cancer cell line growth; and that mice with
allelicloss of Becn1 are tumor-prone (Aitaetal. 1999; Liang
et al. 1999; Qu et al. 2003; Yue et al. 2003). However,
BECNT is adjacent to the known tumor suppressor gene
breast cancer 1 (BRCA1) on chromosome 17.

Hereditary breast cancer commonly results from the
presence of a pathogenic germline missense mutation in
BRCA1 (or BRCA2 or PALB2) followed by somatic
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deletion of the remaining wild-type BRCA1 allele. These
deletions are typically large, deleting BRCA1 along with
hundreds of other genes, including BECNI1. Genomic
analysis of BECNI in The Cancer Genome Atlas
(TCGA) demonstrated that allelic loss of BECN1 does
not occur independently of codeletion with BRCA1, sug-
gesting that BRCA1 loss is the driver mutation in heredi-
tary and sporadic breast cancer (Laddha et al. 2014; White
et al. 2015). Moreover, recurrent somatic mutations that
are a hallmark feature of tumor suppressor genes are not
found in BECN1 in human cancers (Aita et al. 1999; Lad-
dha et al. 2014). Less BECN1 expression resulting from
concurrent BECN1 and BRCA1 deletion (Laddha et al.
2014; Tang et al. 2015), however, may reduce autophagy
in these cancers, which may impair their response to
stress and nutrient deprivation that may be therapeutical-
ly exploitable.

Insight into the role of autophagy in human cancer is
also provided by a more global analysis of the mutational
status of the genes encoding the entire core autophagy ma-
chinery in TCGA. The core autophagy machinery is gen-
erally not targeted by high-frequency somatic single-
nucleotide mutations across cancers in TCGA (Lebovitz
et al. 2015). Although a small number of recurrent muta-
tions in RB1CC1/FIP200, ULK4, and ATG7 are found,
these are rare and limited to few tumor types. These
large-scale analyses indicate that the core autophagy ma-
chinery largely escapes genomic mutation in human can-
cers. It will be interesting to explore the significance of the
minority of tumors in which these rare mutations are
found.

Analysis of the human cancer transcriptomes indicates
largely invariable ATG gene expression (Lebovitz et al.
2015). This suggests a pattern of sustained transcriptional
expression similar to genes unable to tolerate reduced ex-
pression in cancer. As such, the core autophagy machin-
ery is expressed and may be protected from alteration in
the majority of human cancers (Lebovitz et al. 2015). It
is also interesting to note that the microphthalmia/TFE
(MiTF/TFE) subfamily of basic helix-loop-helix leucine
zipper transcription factors that promote autophagy and
lysosomal biogenesis is encoded by oncogenes (Ferguson
2015), which may contribute to expression of the autoph-
agy pathway in human cancers. Thus, the majority of hu-
man cancers expresses a functionally intact autophagy
pathway, and, in a subset of these, the pathway is tran-
scriptionally up-regulated.

Regulation of core autophagy genes and cargo
receptors in cancer

The first complex known to regulate autophagy is the
ULKI1-ATGI13-FIP200 complex (Ganley et al. 2009).
ATGI13 and ULKI1 are phosphorylated and inhibited by
mTOR in a nutrient-dependent fashion to regulate
autophagy initiation. Recent work revealed a direct inter-
action between focal adhesion (FA) kinase (FAK) family-
interacting protein of 200 kDa (FIP200) and ATG16L1
(a component of the ATG12-ATG5-ATG16L1 complex),
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which is crucial for ULK1 complex-dependent autophagy
independent of ULK1 kinase activity (Gammoh et al.
2013). Intriguingly, amino acid starvation can engage a
protein phosphatase (PP2A-B55a) to efficiently dephos-
phorylate and activate the ULK1 complex. This finding
explains a puzzling observation in the field: Nutrient star-
vation triggers autophagy more rapidly than rapamycin
despite the fact that both nutrient starvation and rapamy-
cin suppress mTORCI activity equally well. It also re-
veals one possible mechanism accounting for the high
basal autophagy activity in “autophagy-addicted” cancer
cells. The seemingly contradictory coexistence of intact
mTORCI function and strong autophagy activity in can-
cer cells may be due to the expression of phosphatase
activity targeting ULK1, which offsets the autophagy in-
hibitory function of mTORCI, allowing cancer cells to
simultaneously reap the benefits of both mTOR signaling
and autophagy activation (Wong et al. 2015).

Independent of its well-characterized role in autophagy,
FIP200 interacts with other proteins to regulate diverse
cellular functions (Gan and Guan 2008). To address poten-
tial contributions of its autophagy-dependent and autoph-
agy-independent action in cancer, a Fip200 conditional
knock-in mutant allele (cKI) was generated that specifi-
cally disrupts FIP200 interaction with its autophagy part-
ner, ATGI13, to block autophagy but not its binding to
other cell signaling molecules. Changing residues 582—
585 (LQFL) to AAAA (FIP200-4A mutant) in FIP200 dem-
onstrates that this region is required for interaction with
ATGI13 and abolishes its canonical autophagy function
in vitro. Specifically blocking FIP200 interaction with
ATGI13 using FIP200-4A mutant knock-in mice prevents
autophagy in vivo, providing direct support for the es-
sential role of the ULK1/ATGI13/FIP200/ATG101 com-
plex in the process beyond previous studies that knock
out individual components. The nonautophagic functions
of FIP200 (for instance, promoting resistance to TNF-a-in-
duced apoptosis) are retained in this cKI model, as em-
bryogenesis is unaffected, unlike FIP200 knockout mice.
However, FIP200-mediated canonical autophagy is re-
quired to support neonatal survival and tumor cell growth
(Chen et al. 2016).

Selective autophagy provides a means to control the
turnover of specific proteins and organelles in a signal-de-
pendent manner. However, our understanding of these
systems and how cargo is selected is rudimentary. Recent-
ly, progress has been made in elucidating the identity and
regulation of cargo receptors for degradation of ferritin
(ferritinophagy) and damaged mitochondria (mitophagy).
While mitophagy employs a ubiquitin signal on damaged
mitochondria to link with the autophagy cargo receptors
OPTN and NDP52, ferritin is recognized by a new adaptor
(NCOA4), which localizes to autophagosomes and is re-
quired for delivery of ferritin to the lysosome, where
iron is released for use by the cell (Dowdle et al. 2014;
Mancias et al. 2014). The expression of NCOA4 itself is
regulated by iron. In a high-iron milieu, NCOA4 associ-
ates with the HERC2 ubiquitin ligase and is degraded,
while, in a low-iron milieu, NCOA4 accumulates and de-
livers ferritin to the autophagosome. NCOA4 is required



for erythropoiesis in vertebrates (Mancias et al. 2015). Fu-
ture work will uncover the role of other cargo receptors
and the six ATGS8 proteins in the control of selective
autophagy. Additionally, with the realization that the reg-
ulated expression of specialized cargo receptors allows the
cell to promote one type of selective autophagy over an-
other (Green and Levine 2014), it is also timely to consider
how one can exploit inactivation of such selective adaptor
proteins to parse out the different roles of autophagy in
cancer to determine whether specific types of autophagy
play more significant roles than others in tumorigenesis
(Mancias and Kimmelman 2016).

The autophagy cargo receptor p62/SQSTM1 binds ubiq-
uitin on cargo to deliver cargo to autophagosomes by
docking onto microtubule-associated protein 1A/1B light
chain 3 (LC3) on autophagosomes. P62 itself is an autoph-
agy substrate that accumulates when autophagy is inhib-
ited (Katsuragi et al. 2015). p62 accumulation induced by
autophagy inactivation contributes to the development of
benign hepatomas in mouse models, but the underlying
mechanism is not known (Komatsu et al. 2007; Takamura
et al. 2011). In addition to its role as a cargo adapter, p62
also serves as a signaling adaptor for TRAF6, KEAPI,
and components of the mTORCI complex, promoting
survival and proliferative functions, possibly explaining
the tumor promotion observed upon its accumulation.
In support of this concept, accumulation of p62 has been
observed in premalignant liver disease, and high expres-
sion of p62 in hepatocellular carcinoma (HCC) predicts
poor prognosis (Umemura et al. 2016). In multiple physio-
logically relevant HCC mouse models, p62 is necessary
for the activation of mTORCI1 in HCCs driven by TSC2
deficiency (Umemura et al. 2016). A role for p62 in pro-
moting NFR2 activation and HCC has also been identified
(Saito et al. 2016). Adenovirus-mediated overexpression of
p62 in hepatocytes in vivo in the absence of any other on-
cogenic stimuli drives HCC through the activation of
mTORCI in a manner that is independent of p62’s role
as a cargo receptor in autophagy. These results establish
for the first time that the ability of p62 to activate
mTORCI (along with NRF2) in hepatocytes in vivo is a
new critical driver of liver cancer initiation (Umemura
et al. 2016). In contrast, reduction of p62 in stroma pro-
motes tumorigenesis of prostate cancer through interleu-
kin-6 (IL6) production (Valencia et al. 2014). Roles of other
cargo receptors in cancer have also been reported. Seques-
tration of the cargo receptor NDP52 promotes noncanon-
ical nuclear factor kB (NF-kB) signaling in cancer cells
(Newman et al. 2012), and ubiquitylation of the cargo re-
ceptor OPTN increases autophagy and p62 elimination,
suppressing tumorigenesis (Liu et al. 2014). Thus, the car-
go receptors whose levels are controlled by autophagy can
play a role in cancer.

Given the recent appreciation for the importance of mi-
tochondria in cancer (Zong et al. 2016), a selective form
of autophagy of particular interest is that of mitophagy,
which removes damaged mitochondria. Emerging find-
ings indicate that there are multiple mechanisms by
which mitochondria can be targeted for degradation at
the autophagolysosome (Chourasia et al. 2015a). Elimina-
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tion of depolarized mitochondria by mitophagy depends
on the action of the PINKI1 kinase and its ability to recruit
the PARKIN E3 ubiquitin ligase that promotes ubiquitina-
tion of key mitochondrial proteins, which serve as “eat
me” signals to cargo receptors targeted by nascent auto-
phagosomes (Youle and Narendra 2011; Lazarou et al.
2015). Not all mammalian cells express high levels of
PARKIN; therefore, there is an ongoing search for
other mitophagy regulators, especially in cancer cells. Ad-
ditional PARKIN-independent mitophagy adaptors in-
clude BCL2/adenovirus E1B 19-kDa-interacting protein
3 (BNIP3), BNIP3L/NIX, and FUN14 domain-containing
protein 1 (FUNDCI) that are induced by specific develop-
mental signals and physiological stresses (for example,
hypoxia, nutrient deprivation, loss of the tumor suppres-
sors p53 or pRB, and activation of NF-xB or FoxO tran-
scription factors). These mitophagy adaptors interact
directly with processed LC3 and promote an overall reduc-
tion in mitochondrial mass as an adaptive response to
stresses (Novak et al. 2010; Hanna et al. 2012; Liu et al.
2012; Chourasia et al. 2015a). BNIP3, a BH3 domain-con-
taining protein that, in some contexts, is considered a
proapoptotic protein, likely plays a more important role
in mitophagy than in the regulation of apoptosis during
nutrient stress. BNIP3 is induced by nutrient deprivation
in the liver, where it plays a role in promoting mitophagy
and lipid oxidation (Glick et al. 2012). BNIP3 expression is
induced during the early stages of tumorigenesis but is
lost in advanced cancer (Sowter et al. 2001, 2003; Okami
et al. 2004; Abe et al. 2005; Akada et al. 2005; Erkan
et al. 2005). Therefore, BNIP3 acts as a tumor suppressor
in mouse models (Manka et al. 2005; Chourasia et al.
2015b). Loss of BNIP3 is observed in triple-negative breast
cancer (Koop et al. 2009; van Diest et al. 2010; Chourasia
et al. 2015b), and mice carrying a targeted deletion of
BNIP3 sustain increased rates of tumor growth, acquire in-
vasiveness, and increase spontaneous metastasis (Choura-
sia et al. 2015b). Tumors in these mice have increased
mitochondrial mass but reduced mitochondrial respira-
tion and metabolite uptake. Increased production of reac-
tive oxygen species (ROS) leads to increased hypoxia-
inducible factor l1a (HIF-1a) levels and activity, glycolytic
metabolism, and angiogenesis (Chourasia et al. 2015b).
Thus, BNIP3, a HIF-1a target, may act as a tumor suppres-
sor downstream from HIF-1q, feeding back to promote mi-
tochondrial integrity, reduce ROS production, and limit
the protumorigenic activity of HIF-1a.

Interestingly, tumor suppressor activity has also been
attributed to PARKIN, which is deleted in human ovarian,
breast, bladder, and lung cancers among others (Cesari
et al. 2003), and this activity is associated with promoting
oxidative metabolism (Zhang et al. 2011). Thus, in con-
trast to inhibition of general autophagy that blocks tumor
progression (Wei et al. 2011; Yang et al. 2011; Guo et al.
2013a; Rosenfeldt et al. 2013; Strohecker et al. 2013), ge-
netic deletion of two different mitophagy modulators
(PARKIN and BNIP3) leads to increased tumorigenesis
and accelerated progression to malignancy (Zhang et al.
2011; Chourasia et al. 2015b). There are a number of major
differences between loss of canonical autophagy genes
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and inactivation of specific mitophagy pathways. First, in-
activation of BNIP3 does not eliminate all forms of
mitophagy and simply reduces stress-induced mitophagy.
Perhaps, if all forms of mitophagy are inactivated, this
would have a different phenotypic consequence more sim-
ilar to inhibition of canonical autophagy genes. Note that
autophagy supplies substrates for mitochondrial metabo-
lism, the loss of which significantly impairs mitochondri-
al function beyond what would be expected for loss of
mitophagy alone (Guo et al. 2016). In addition, genetic
autophagy inhibition produces an accumulation of onco-
genic p62, whereas genetic mitophagy inhibition does
not, further distinguishing the function of autophagy
from mitophagy.

Evidence from mouse models that autophagy
suppresses cancer initiation

A large body of work in genetically engineered mice defi-
cient for essential autophagy genes in specific tissues has
demonstrated that autophagy prevents an array of degen-
erative and inflammatory diseases (Mizushima and
Komatsu 2011). The mechanisms by which autophagy is
thought to maintain tissue homeostasis include the re-
moval of toxic, unfolded, or mutant proteins and the elim-
ination of damaged mitochondria and other organelles.
Connections between metabolic defects and degenerative
and inflammatory disease caused by loss of autophagy re-
main to be explored. Arguably, the disease in which the
functional status of autophagy has been investigated the
most is cancer.

Despite the predominant absence of genetic inactiva-
tion of the core autophagy machinery in human cancers
thus far, animal models in which autophagy loss pro-
motes tumorigenesis have been identified. Becnl®/~
mice are prone to lung and liver tumors and mammary hy-
perplasia late in life (Qu et al. 2003; Yue et al. 2003). It is
important to note that, in Becn1*/~ cells, the expression
levels of the tumor suppressor p53 are also significantly
reduced, again suggesting that there may be autophagy-in-
dependent reasons for the unique ability of the Becn1*/~
genotype to produce spontaneous tumors compared
with other genetic autophagy defects (Liu et al. 2011).
For instance, mosaic deletion of Atg5 in mice or Atg7 in
mouse livers produces only benign hepatomas, suggesting
that complete and specific autophagy deficiency pro-
motes liver tumor initiation but restricts progression to
malignant disease (Takamura et al. 2011). Similarly, loss
of Atg5 or Atg7 in the mouse pancreas in the setting of
a Kras mutation promotes benign pancreatic intraepithe-
lial neoplasia (PanIN) formation but also prevents pro-
gression of this PanIN to malignant disease (Rosenfeld
et al. 2014; Yang et al. 2014). Autophagy loss in the liver
and pancreas causes oxidative stress, chronic tissue dam-
age, and inflammation, all factors that are well known
to promote tumor initiation (Mathew et al. 2009). This
chronic state of tissue damage, cell death, and inflam-
mation promotes compensatory proliferation, producing
cells vulnerable to mutation and oncogenic transforma-
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tion (White 2012). The situation may be similar in a
mouse model of breast cancer in which allelic loss of
becn1 promotes expansion of the stem cell pool suscepti-
ble to transformation by Wnt pathway activation (Cic-
chini et al. 2014). However as mentioned above, this
may be due to autophagy-independent mechanisms as
well (Cicchini et al. 2014).

Another example relating chronic inflammation to loss
of autophagy is in Crohn’s disease (CD) caused by the
ATG16L1 Thr300Ala disease-associated polymorphism.
CD is associated with chronic inflammation of the colon
and intestine. Patients with CD are also predisposed to the
development of cancer in these areas of inflammation.
Atg16L173%4 knock-in mice manifest the Paneth cell ab-
normalities associated with CD and also display defects in
Goblet cells. Embryonic fibroblasts from these mice sur-
prisingly have only a modest impairment of basal and in-
duced autophagy but rather have a larger defect in
autophagy of bacteria and increased production of IL-1p
(Lassen et al. 2014). This suggests that the primary prob-
lem created by the ATG16L1 Thr300Ala disease-associat-
ed polymorphism is one of impaired anti-bacterial host
defense, which in turn leads to chronic inflammation, tis-
sue damage, and an elevated cancer risk.

As mentioned above, accumulation of the autophagy
cargo receptor and substrate p62 in autophagy-deficient
livers promotes tumorigenesis (Komatsu et al. 2007). Ac-
cumulation of p62 also promotes lung and mammary tu-
morigenesis induced by autophagy deficiency (Moscat
and Diaz-Meco 2012; Wei et al. 2014). p62 activates
NRF2 by binding to its inhibitor, KEAP1 (Komatsu et al.
2010; Lau et al. 2013), and also activates mTOR and NEF-
kB as discussed above, and its aberrant accumulation in
autophagy-deficient tissues can activate these oncogenic
signaling pathways. p62 deficiency blunts mammary and
lung tumorigenesis and liver tumorigenesis induced by
Atg7 loss (Moscat and Diaz-Meco 2012; Wei et al. 2014).
In BrafV*°°E.driven lung tumors, autophagy deficiency
transiently stimulates tumor growth by enhancing activa-
tion of NRF2, which may be due to accumulation of p62
(Strohecker et al. 2013). Later, these tumors without
Atg7 slow their growth and fail to transition from benign
to malignant tumors.

The recurring theme from mouse models in which
autophagy deficiency promotes tumorigenesis is that
autophagy (1) prevents oxidative stress, activation of the
DNA damage response, chronic tissue damage, and in-
flammation and (2) prevents accumulation of the autoph-
agy substrate p62 and promotes activation of mTOR and
NRF2. These events are a source of genomic instability
and oncogenic signal transduction that promote cancer
initiation (Karantza-Wadsworth et al. 2007; Mathew
et al. 2007, 2009) commonly found in states of chronic in-
flammation induced by a broad array of stimuli. With the
possible exception of the CD ATG16L1 disease-associated
polymorphism, the question of whether this mode of
tumor promotion upon suppression of autophagy occurs
in humans has not been reported. Indeed, humans with
loss of function of core ATG genes and autophagy, as is
the situation in these mouse models, have not been



identified. It is possible that these mechanisms come into
play in humans only indirectly, through constitutive acti-
vation of mTOR, for example, which inhibits autophagy.
Alternatively, autophagy loss may not be relevant to the
vast majority of human cancers.

Evidence that autophagy promotes growth
of advanced cancer

A first indication that autophagy may promote cancer
came from the observations that autophagy is up-regulat-
ed in hypoxic tumor regions, suppresses tumor-induced
inflammation, and promotes tumor cell survival (Degen-
hardt et al. 2006). As the functional status of autophagy
is clearly influenced by the tumor microenvironment
and the immune system, this revealed the importance of
assessing autophagy in genetically engineered mouse
models (GEMMs) of cancer. This approach has allowed in-
vestigation of whether or not tissue type or cancer genet-
ics influence the role for autophagy in cancer. GEMMs
have dissected the tumor cell-autonomous functions of
autophagy and provided insight into a therapeutic win-
dow for autophagy inhibition in cancer therapy. A sum-
mary of the findings from these models is presented in
Table 1.

Lung cancer

One of the most studied models of lung cancer is
the GEMM driven by oncogenic Kras. Inhalation of an ad-
enovirus expressing Cre recombinase is used to acti-
vate Kras®!?P. Spontaneous non-small-cell lung cancer
(N'SCLC) arises following Kras activation through a step-
wise progression from hyperplasia to adenoma to adeno-
carcinoma, associated with spontaneous mutation in
p53 (Jackson et al. 2001; Johnson et al. 2001). To test the
role of autophagy in NSCLC, oncogenic Kras was acti-
vated with or without simultaneous deletion of Atg7 in
the lungs of mice (Guo et al. 2013a). Epithelial tumor cells
within tumors are wild type or deleted for the essential
autophagy gene Atg7 as dictated by the genotype of the
mice but in the background of Atg7 wild-type host tissue.
These studies established that Atg7 deficiency reduces
KrasS'?P-driven lung tumor cell proliferation and tumor
burden in comparison with mice with tumors where
Atg7 is intact (Guo et al. 2013a). Similar results are found
with Atg5 deletion, suggesting that this is due to impaired
autophagy (Rao et al. 2014). Surprisingly, mice with
Atg7*"* tumors die from cancer, whereas mice with
Atg7~/~ tumors die from inflammatory pneumonia (Guo
et al. 2013a), demonstrating that Atg7-deficient lung tu-
mors trigger an immune response. Atg7 deficiency acti-
vates p53, which contributes to tumor suppression, as
codeletion of p53 partially rescued tumor growth impair-
ment (Guo et al. 2013a). Thus, Atg7 promotes growth of
both Kras-driven p53 wild-type and p53-deficient lung
tumors.

A particularly striking finding is that Atg7-deficient
Kras-driven tumors accumulate defective mitochondria
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(Guo et al. 2013a), which histologically resemble human
benign oncocytomas (Gasparre et al. 2011). This suggests
that failure of mitochondrial quality control and function
may limit the growth and malignancy of Ras-driven lung
cancer. Autophagy defects in these Ras-driven tumors
causes metabolic impairment that may be the root cause
of reduced tumor growth, survival, and malignancy. With-
out Atg7, tumor cells derived from these mice have im-
paired mitochondrial respiration and fatty acid oxidation
(FAO). These Atg7-deficient tumors and tumor cells accu-
mulate lipids, and tumor cells are sensitive to starvation
(Guo et al. 2013a). This suggests that autophagy promotes
metabolic robustness and malignancy through mainte-
nance of mitochondrial function and that autophagy
inhibition may suppress Kras-driven lung cancers. Inter-
estingly, human renal oncocytomas, which typically
lack Ras mutations, have pathogenic mitochondrial ge-
nome mutations, respiration defects, energy stress, and
defective autophagy and may owe their benign status to
similar mechanisms found in Atg7-deficient Ras-driven
tumors (Joshi et al. 2015).

If autophagy promotes Kras lung tumorigenesis by con-
veying metabolic robustness, what is the mechanism?
Autophagy eliminates mitochondria by mitophagy, and
the vast accumulation of mitochondria is indeed a pro-
nounced phenotype of Atg7-deficient tumors. One hy-
pothesis is that autophagy preserves mitochondrial
function by eliminating dysfunctional mitochondria
with pathogenic mitochondrial mutations. To test this
hypothesis, the mitochondrial genomes of tumors from
the Kras-driven GEMM for NSCLC with and without
Atg7 were sequenced. While the mitochondrial variant al-
lele frequency was higher in Atg7-deficient tumors, there
were too few nonsynonymous mutations, and their fre-
quency was below that of manifestation of mitochondrial
dysfunction (Guo et al. 2016). Thus, autophagy does con-
trol quality of the mitochondrial genome; however, this is
not sufficient to explain the pronounced metabolic defect
in tumors and tumor cells upon deletion of Atg7 (Guo
et al. 2016).

Another hypothesis is that autophagy captures and de-
grades intracellular components to provide substrates for
mitochondrial metabolism. To test this hypothesis, Atg7
wild-type and Atg7-deficient tumor cell lines from the
GEMM for NSCLC were grown in isotope-labeled nutri-
ents to stably label macromolecules. The label was then
briefly flushed out of metabolic pathways by chasing
with unlabeled medium, and then the tumor cells were
challenged with starvation to test for the ability to recy-
cle the stably labeled macromolecules. In comparison
with wild type, Atg7-deficient tumor cells had a defec-
tive mitochondrial substrate supply, as indicated by
less labeled glutamate, a-ketoglutarate, and aspartate
and profound depletion of nucleotide pools in starvation
(Guo et al. 2016). This defective recycling and substrate
supply in Atg7-deficient tumor cells decreased mito-
chondrial oxygen consumption and increased oxidative
stress and energy crisis, which was rescued by gluta-
mine, glutamate, and nucleosides. Thus, a primary func-
tion of autophagy in Kras-driven lung cancer is to recycle
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Table 1. Phenotypes of autophagy deficiency in GEMM:s for cancer

Tissue/genotype

Phenotype

References

Lung: adenovirus-Cre tumors:
KrasG12D
Atg7*or Atg7 7~

Lung: adenovirus-Cre tumors:
KrasG12P

p53 /-

Atg7**or Atg77/~

Lung: adenovirus-Cre tumors:
KrasG12D

p53** or p5371~Atgs*, Atgst!~
or Atgb /=

Lung: adenovirus-Cre tumors:
BrafV600E

Atg7*or Atg77/~

Mouse:

Nrf2*™* or Nrf2=/=

Lung: tumors: adenovirus-Cre
tumors:

BrafV600E

p53 /=

Atg7*/*or Atg77~

Pancreas: Pdx1-Cre tumors:
KrasG12D

p53*or p537/~

Atg5**or Atgs™!~

Pancreas: Pdx1-Cre tumors:
KrasC12D

p53*I-

Atg5**or Atgs™/~

Mammary epithelium: MMTV-
Cre tumors:

polyoma middle T antigen
(PyMT)

Fip200*'* and Fip200~'~

+/+

Mammary epithelium: Becnl
or Becn1*/~ mice
WAP-Cre tumors:
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Atg7 deficiency reduces KrasS!*P-driven lung tumor cell proliferation and
tumor burden.

Atg7-deficient tumors activate apoptosis and the immune response.
Atg7-deficient tumors accumulate defective mitochondria and pathologically
resemble benign oncocytomas.

Mice with Atg7*/* tumors die from cancer; mice with Atg7 /= tumors die
from pneumonia.

Atg7 suppresses p53 activation, which contributes to tumor growth and
progression.

Atg7 promotes growth of Kras-driven, p53-deficient lung tumors.

Atg7 expression in tumors reduces overall mouse survival.

Atg7-deficient tumors accumulate defective mitochondria and pathologically
resemble benign oncocytomas.

Autophagy defects metabolically impair tumor cells: defective mitochondrial
respiration and fatty acid oxidation (FAO), lipid accumulation, and
sensitivity to starvation.

Autophagy promotes the metabolic robustness and malignancy of Kras-
driven lung tumors.

Atgb deletion increases mouse survival in tumors driven by Kras.
Atg5-deficient tumor cells accumulate abnormal mitochondria and display
evidence of metabolic impairment.

Reduced tumor progression with Atg5 loss.

Anti-tumor activity of Atg5 loss is p53-dependent.

Atg7 deficiency reduces BrafV®°°E-driven lung tumor cell proliferation and
tumor burden and prolongs mouse survival.

Early and transient stimulation of tumor growth by Atg7 deficiency is due to
Nrf2 activation.

Atg7-deficient tumors accumulate defective mitochondria and pathologically
resemble benign oncocytomas.

Atg7 promotes tumor growth and malignancy by suppressing p53 activation.
Atg7 promotes growth of BrafV*°°E-driven, p53-deficient lung tumors.
Atg7-deficient tumors accumulate defective mitochondria and pathologically
resemble benign oncocytomas.

Autophagy defects cause metabolic impairment: increased oxidative stress,
defective mitochondrial respiration, sensitivity to starvation, and glutamine
dependence.

Autophagy may supply mitochondrial substrates to maintain lung tumor
metabolism.

Autophagy inhibition suppresses Braf'**°E.driven lung cancers.

Atgb or Atg7 deficiency promotes PanIN but blocks progression to pancreatic
ductal adenocarcinoma (PDAC).

Autophagy loss promotes p53-dependent limitation of PanIN progression.
Compound p53 deficiency accelerates tumorigenesis with Atg deficiency.
This context of p53 deficiency and Ras activation during embryogenesis does
not model human PDAC.

Atgb deficiency with Kras activation and the stochastic loss of
heterozygosity (LOH) of p53 promotes PanIN formation.

Atgb loss limits progression of PanIN to PDAC and extends mouse life span.
Atg5 deficiency impairs metabolic fitness and growth independently of p53
status.

Fip200 deficiency in PyMT-driven mammary cancer suppresses tumor
growth and prolongs mouse survival.

Fip200 loss in tumors activates an immune response, interferon production,
and lymphocyte infiltration.

T-cell depletion promotes growth of Fip200-deficient tumors.

Targeting Fip200 or the autophagy initiation complex may suppress breast
cancer.

Deficiency in the hereditary breast cancer susceptibility gene Palb2
promotes mammary tumorigenesis.

Tumors acquire mutations in p53, and conditional p53 deficiency accelerates

Guo et al. 2013a

Guo et al. 2013a

Rao et al. 2014

Strohecker et al.
2013

Strohecker et al.
2013

Rosenfeldt et al.
2013

Yang et al. 2014

Wei et al. 2011

Huo et al. 2013

Continued



Table 1. Continued

Recent insights into the function of autophagy

Tissue/genotype Phenotype References
Palb2~~ tumorigenesis driven by Palb2 loss.

p53** or p537/~ Allelic loss of Becn1 suppresses tumorigenesis induced by Palb2 deficiency

Becnl*'* or Becnl*/~ and prolongs mouse life span with p53 intact and not with p53 deficiency.

Melanocytes: Tyr-Cre-ERT2
tumors:

BrafV600E

Pten*’*, Pten*/~, or Pten™/~
Atg7**or Atg7~!~
Intestinal epithelium:
Vil-Cre-ERT2

Apc*/~ mice

Tumors:

Apc_/ -

Atg7**or Atg7 7!~

Prostate epithelium: Nkx3.1-
Cre tumors:

Pten*/*, Pten*!~, or Pten™'~
Atg7*or Atg77/~

Glial cells:

Retroviral delivery of Kras
tumors:

KrasG12P

shRNA to Ulkl, Atg7, or Atgl3

Mouse:
UBC_Cre-ERT2
Atg7** or Atg77I~

Lung: adenovirus-FIpO tumors:

KrasG1?P

p537/-

G12D

p53 is a barrier to mammary cancer development, and autophagy facilitates
cell survival and tumorigenesis.

Atg7 deficiency reduces BrafV*°°E-driven, Pten-deficient melanoma initiation
and proliferation.

Atg7 prevents oxidative stress, apoptosis, fibrosis, and senescence.

Atg7 deficiency promotes immune cell infiltration and cytokine production.
Atg7 deficiency in melanoma prolongs mouse survival.

Adenomatous polyposis coli (Apc) tumor suppressor loss activates autophagy
and tumorigenesis in the intestinal epithelium.

Atg7 deficiency prevents tumor initiation and progression with Apc loss.
Atg7 deficiency promotes microbiota imbalance and activates an anti-tumor
innate immune response.

Atg7 deficiency activates an anti-tumor T-cell response, and T-cell ablation
restores tumorigenesis with Apc and Atg7 deficiency.

Autophagy promotes initiation and progression of intestinal cancer
Autophagy inhibition may prevent colon cancer.

Pten tumor suppressor loss promotes prostate tumorigenesis.

Atg7 deficiency suppresses growth of Pten-deficient prostate cancer.

Atg7 deficiency increases endoplasmic reticulum stress in tumors and
reduces tumor cell proliferation.

Overall survival is increased by Atg7 deficiency.

Castrate-resistant disease is also suppressed by Atg7 loss.

Autophagy promotes growth of prostate cancer, and autophagy inhibition
may suppress prostate cancer.

In the Kras-driven glioblastoma RCAS mouse model, shRNA to Ulkl, Atg7,
or Atgl3 suppresses tumor growth and extends mouse survival.

Cells with shRNA to Ulkl, Atg7, or Atgl3 are unable to maintain active
growth signaling under growth-restrictive conditions.

shRNA to Ulkl, Atg7, or Atgl3 promotes senescence.

Autophagy is crucial for glioma initiation and growth.

Conditional, systemic Atg7 ablation in adult mice induces selective tissue
damage and death predominately due to neurodegeneration 2-3 mo after
deletion.

Atg7 ablated mice are intolerant to fasting.

Conditional, systemic Atg7 ablation prior to Kras-driven, p53-deficient lung
tumor induction does not affect the efficiency of tumor initiation.
Conditional, systemic Atg7 ablation in mice with established Kras-driven,
p53-deficient lung tumors produces substantial tumor regression.
Whole-body Atg7 deficiency has greater anti-tumor activity than tumor-
specific deficiency.

Xie et al. 2015

Levy et al. 2015

Santanam et al.
2016

Gammoh et al.
2016

Karsli-Uzunbas
et al. 2014

macromolecules into mitochondrial metabolism to pre-
vent AMP accumulation, energy crisis, and fatal nucleo-
tide degradation as an attempt to remove AMP and
maintain energy charge (Guo et al. 2016), analogous to
what happens in yeast (Walther et al. 2010). Going for-
ward, it will be of interest to determine whether other
cancers and normal tissues similarly require autophagy
for this purpose.

To address whether Atg7 is also required for lung tu-
morigenesis driven by different oncogenic events, it was
deleted in lung tumors where Braf"°?°F was the oncogenic
driver. Although Atg7 deficiency briefly and temporarily
stimulates early tumor growth by activating NRF2, it re-
duces Braf°?’E.driven lung tumor cell proliferation and
tumor burden and prolongs mouse survival (Strohecker

et al. 2013). Atg7 deficiency activates p53, which contrib-
utes to tumor suppression. Once again, p53 deletion part-
ly relieves tumor growth impairment due to autophagy
deficiency. Atg7, however, also promotes growth of
Braf®%E_driven p53-deficient lung tumors (Strohecker
et al. 2013). Atg7-deficient Braf'?°E-driven tumors also
accumulate defective mitochondria and resemble benign
oncocytomas. Again, autophagy defects cause metabolic
impairment manifested by increased oxidative stress, de-
fective mitochondrial respiration, sensitivity to starva-
tion, and glutamine dependence (Strohecker et al. 2013).
This suggests that autophagy may supply mitochondrial
substrates to maintain lung tumor metabolism similar
to Kras-driven lung cancers and that autophagy inhibition
may have clinical utility.
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Breast cancer

Impaired autophagy caused by monoallelic loss of Becnl
suppresses Palb2-associated mammary tumorigenesis
when p53 is wild type but not when it is deleted (Huo
et al. 2013). This indicates that autophagy facilitates cell
survival and tumorigenesis upon loss of a hereditary
breast cancer susceptibility gene and that this is due to
promotion of p53 activation (Huo et al. 2013). Partial,
rather than complete, loss of autophagy in the setting of
defective DNA repair and oxidative stress may be suffi-
cient to activate p53, limiting tumorigenesis. Complete
loss of autophagy, as demonstrated by other models,
may be necessary to suppress tumorigenesis with total
loss of p53 function. Nonetheless this suggests that partial
suppression of autophagy may delay the onset of heredi-
tary breast cancer and that this may be a cancer preven-
tion strategy in a high-risk population.

FIP200 is an essential autophagy protein that functions
in the ULK1/Atgl3/FIP200/ATG101 complex to initiate
autophagosome formation as described above. FIP200
deficiency in polyoma middle T antigen (PyMT)-driven
mammary cancer suppresses tumor growth and prolongs
mouse survival (Wei et al. 2011). Similarly, disruption of
autophagy by FIP200 deletion in established tumors
from transformed mouse embryonic fibroblasts (MEFs)
and PyMT-driven mammary tumors blocked their growth
in vivo (Wei et al. 2014). FIP200 loss in mammary tumors
activates an immune response, interferon production, and
lymphocyte infiltration, and T-cell depletion partly re-
stores the growth of FIP200-deficient tumors. This sug-
gests that targeting FIP200 or other components of the
autophagy initiation complex may suppress breast cancer
by activating innate and adaptive anti-tumor immune re-
sponses. Interestingly, ablation of FIP200 also diminished
the tumor-initiating properties of both aldehyde dehydro-
genase-positive (ALDH*) and CD29"CD61* breast cancer
stem cells by impairing different intracellular signaling
pathways (Yeo et al. 2016).

Pancreas cancer

Several years ago, it was demonstrated that pancreatic
cancers have elevated levels of basal autophagy (Yang
et al. 2011). Initial studies showed that these tumors re-
quired autophagy for optimal proliferation in vitro and
in vivo. Autophagy inhibition either pharmacologically
or genetically using RNAi impacted mitochondrial me-
tabolism and caused increased ROS (Yang et al. 2011).
An autochthonous model of Kras-driven pancreatic can-
cer with heterozygous, conditional deletion of p53 was
crossed to a conditional Atg5 allele to study the impact
of autophagy deficiency on pancreatic cancer initiation
and progression. Interestingly, autophagy loss increased
the initiation of premalignant PanIN lesions (Yang et al.
2014). Autophagy loss likely promotes inflammation as
described above, which engenders the PanIN lesion, and
a possible mechanism for this has been proposed recently
(Yang et al. 2016). In a mouse model of cerulein-induced
pancreatitis, loss of autophagy promoted increased activa-
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tion of the IxB kinase (IKK)-related kinase TBK1, neutro-
phil and T-cell infiltration, and PD-L1 expression.
Despite promoting PanIN, autophagy deficiency signifi-
cantly impaired the progression to invasive pancreatic
ductal adenocarcinoma (PDAC) (Yang et al. 2014). Similar
results were obtained in another Kras-driven model with
either Atg5 or Atg7 deletion. However, in this case,
when p53 was deleted homozygously with Kras activation
and autophagy loss, the result was paradoxically increased
tumor growth (Rosenfeldt et al. 2013). These conflicting
findings are explained by the fact that when both copies
of p53 are simultaneously deleted during embryogenesis,
these tumors form without ever having p53 present, a
nonphysiological situation (Amaravadi and Debnath
2014). In the setting of the heterozygous p53 genotype,
the stepwise progression from PanIN to cancer reflects a
more physiological context to understand the role of
autophagy loss. Indeed, p53 has been shown to play a
role in a transcriptional program that activated multiple
autophagy genes (Crighton et al. 2006; Guo et al. 2013b;
Kenzelmann Broz et al. 2013; White 2016). In the p53 het-
erozygous model, where autophagy loss impaired PDAC
progression, the second copy of p53 is lost during tumor
progression by loss of heterozygosity (LOH), which is anal-
ogous to the situation in human tumors (Yang et al. 2014).

Melanoma

Melanomas have a high level of basal autophagosomes
suggestive of increased autophagy. Patients with melano-
ma with higher levels of autophagosomes had decreased
survival (Ma et al. 2011). BRAF mutations are common
in melanoma, occurring in 80%-90% of cases. BRAF tar-
geted therapy results in a transient response in some pa-
tients with BRAF mutant melanoma, only to relapse
shortly thereafter. To test the functional importance of
autophagy in Braf"°’’ .driven melanoma, Atg7 was delet-
ed or not in a BrafV*?°2 GEMM with and without codele-
tion of Pten, which is a commonly deleted gene in
melanoma. Atg7 deficiency prevents melanoma develop-
ment upon BrafV®%F activation and allelic loss of Pten
(Xie et al. 2015). Atg7 deficiency also reduces Braf"®%k-
driven, Pten-deficient melanoma initiation and prolifera-
tion and greatly prolongs mouse survival (Xie et al.
2015). Although the mechanism by which Atg7 promotes
the growth of melanoma is not firmly established, Atg7
prevents oxidative stress, apoptosis, fibrosis, and, notably,
senescence, a known barrier to melanoma growth and pro-
gression (Xie et al. 2015). Atg7 also suppresses immune
cell infiltration and cytokine production, and, given the
important role of restoring the immune response in suc-
cessful melanoma therapy (Lo and Fisher 2014), this
should be investigated further.

Colorectal cancer (CRC)

Another cancer in which autophagy plays a promoting
role is in CRC. Adenomatous polyposis coli (Apc) tumor
suppressor loss activates autophagy and tumorigenesis
in the intestinal epithelium. Atg7 deficiency prevents



tumor initiation and progression with Apc loss (Levy et al.
2015). Atg7 deficiency causes microbiota imbalance and
activates an anti-tumor innate immune response. These
Atg7-deficient tumors cause activation of an anti-tumor
T-cell response, and T-cell ablation restores CRC tumori-
genesis with Apc and Atg7 deficiency (Levy et al. 2015).
Thus, autophagy promotes initiation and progression of
intestinal cancer driven by Apc loss in mice. This suggests
that autophagy inhibition could be considered for cancer
prevention in those individuals with susceptibility to
CRC. It will be interesting to explore whether enhanced
p53 activation induced by deficient autophagy contrib-
utes to anti-tumor activity here as in other models.

Prostate cancer

Pten loss occurs with high frequency in human prostate
cancer. Ina GEMM for castrate-naive prostate cancer driv-
en by Pten deficiency, Atg7 deficiency suppresses tumor
growth (Santanam et al. 2016). Atg7 deficiency increases
endoplasmic reticulum stress and reduces tumor cell pro-
liferation. Importantly, overall mouse survival is in-
creased by Atg7 deficiency in prostate tumors, and
castrate-resistant disease is also suppressed by Atg7 loss
(Santanam et al. 2016).

Glioblastoma

In an avian retrovirus (RCAS)-based endogenous mouse
model of Kras-driven glioblastoma, shRNA to Ulkl,
Atg7, or Atgl3 suppresses tumor initiation and growth,
promotes senescence, and extends mouse survival (Gam-
moh et al. 2016). Knockdown of Ulkl, Atg7, or Atgl3 in
this model prevents growth under nutrient-restrictive
conditions. These results demonstrate that autophagy is
crucial for both glioma initiation and sustained growth
and is a promising therapeutic target for glioblastoma
treatment. It will be interesting to investigate why
autophagy is required for both tumor initiation and
growth in this setting, while it is required for tumor main-
tenance in others. For example, autophagy is dispensable
for tumor initiation and important for tumor mainte-
nance in Kras- and Braf-driven lung cancer (Guo et al.
2013a; Strohecker et al. 2013; Karsli-Uzunbas et al. 2014).

Therapeutic window for autophagy inhibition

The GEMMs described above provide many examples
where autophagy inactivation in tumor cells in vivo can
suppress tumor initiation, growth, survival, maintenance,
and malignancy. As autophagy is also important for the
function of normal tissues, an important question is
whether tumors are more autophagy-dependent than nor-
mal tissues to an extent sufficient to provide a therapeutic
window. To address this question, autophagy was ablated
in adult mice through systemic, conditional deletion of
Atg7. In contrast to constitutive deletion of Atg7 or
Atg5, which causes neonatal lethality following loss of
placental nutrition from the wild-type mother (Kuma
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et al. 2004; Komatsu et al. 2005), adult mice survive
Atg7 deficiency for 2-3 mo (Karsli-Uzunbas et al. 2014).
Loss of adipose tissue occurs early after deletion of Atg7
in adult mice, possibly due to accumulation of mitochon-
dria and increased FAO. Later, Atg7-deleted adult mice
display liver, pancreas, muscle, and kidney damage and
testicular degeneration, with the majority of the mice dy-
ing from neurodegeneration (Karsli-Uzunbas et al. 2014).
Other tissues (e.g., lung) are surprisingly unaffected.
Thus, adult mice are less autophagy-dependent than neo-
nates, which may reflect differences in states of tissue dif-
ferentiation and metabolic demand. Although adult mice
are able to tolerate systemic Atg7 ablation in the short
term, they are exquisitely sensitive to starvation, as fast-
ing the Atg7-ablated mice causes rapid death due to hypo-
glycemia (Karsli-Uzunbas et al. 2014). Why some tissues
(e.g., brain) are more autophagy-dependent than others
(e.g., lung) is an interesting question.

With this understanding of the role of autophagy in
adult mice, the next point to address is whether spontane-
ously arising tumors are more sensitive to conditional,
systemic autophagy ablation than most normal tissues.
Initiation of Kras-driven, p53-deficient lung tumorigene-
sis is surprisingly unaffected by the systemic absence of
Atg7 in mice (Karsli-Uzunbas et al. 2014). Apparently, on-
cogenic signaling by Kras in the absence of p53 does not
require autophagy to initiate tumor formation. In con-
trast, systemic Atg7 conditional deletion in mice with es-
tablished Kras-driven, p53-deficient NSCLC (i.e., Atg7
deletion in both the host mouse and tumor) causes strik-
ing tumor regression (Karsli-Uzunbas et al. 2014). The
anti-tumor activity of systemic, conditional Atg7 deletion
is surprisingly greater than Atg7 deletion only in the tu-
mor cells (Guo et al. 2013a), suggesting a role for host
autophagy as well as tumor cell-autonomous autophagy
in tumor maintenance (Karsli-Uzunbas et al. 2014).

In summary, these findings indicate that tumors can be
more autophagy-dependent than most normal tissues and
that there may be a therapeutic window for autophagy in-
hibition for cancer therapy and prevention. Note that
complete, irreversible genetic ablation of autophagy pro-
vides the example of the most extreme phenotype unlike-
ly to be replicated by small molecule autophagy
inhibitors. Models for genetically switchable ATG defi-
ciency will be informative to assess the reversibility of
an autophagy-deficient phenotype in both normal and tu-
mor tissues. To address potential toxicities, the lack of
brain penetration of an autophagy inhibitor should limit
toxicity, and fasting should be avoided.

New roles for autophagy identified in cancer progression

In addition to its established roles in tumor cell survival
and metabolic adaptation, more recent work suggests
that autophagy promotes cellular processes that favor in-
vasion and metastasis. Recent work has begun to reveal
that autophagy more directly supports tumor cell motility
and invasion via cell-autonomous pathways. Autophagy
promotes the dynamic assembly and disassembly of
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cell-matrix FAs, which is essential for efficient migration.
Live-cell imaging revealed that genetic autophagy inhibi-
tion reduces FA assembly and disassembly rates, thereby
increasing FA lifetime. Autophagosomes primarily associ-
ate with leading-edge FAs during disassembly, suggesting
that autophagy locally and directly facilitates the degrada-
tion and destabilization of cell-matrix contact sites.
Autophagy is required for tumor cell motility, as autoph-
agy inhibition results in a block to cell migration and in-
vasion in vitro and reduces metastasis in vivo (Sharifi
etal. 2016). Autophagy promotes FA disassembly, mediat-
ed by the interaction of processed LC3 with paxillin, a key
FA component, and this interaction was promoted by
phosphorylation of paxillin by oncogenic SRC (Sharifi
et al. 2016), suggesting that autophagy promotes tumor
cell migration and metastasis (Macintosh et al. 2012;
Lock et al. 2014; Qiang et al. 2014; Kenific et al. 2016). Fur-
thermore, the selective autophagy cargo receptor neigh-
bor of BRCAI (NBRI1) is required for efficient FA
disassembly in motile cells, indicating that a selective
autophagy process analogous to mitophagy enables the
specific turnover of adhesions during migration (Kenific
et al. 2016). Further work is needed to ascertain the role
of NBR1 and other selective autophagy receptors during
cancer invasion and metastasis in vivo.

In a three-dimensional organotypic culture model,
autophagy regulators (ATGs) promote tumor cell motility
and extracellular matrix invasion by Ras transformed ep-
ithelial cells. In further support, lung metastases are at-
tenuated upon ATG knockdown in Ras transformed
breast cancer xenografts. Notably, this invasion defect
in autophagy-deficient cells is completely rescued upon
treatment with conditioned medium from autophagy-
competent counterparts, indicating that intact autophagy
is required for the elaboration of secreted proinvasive fac-
tors. Autophagy-dependent secretion of the proinvasive
cytokine IL6 is one of the critical factors for invasion
(Lock et al. 2014). Measurement of circulating cytokines
secreted by tumor cells in an autophagy-dependent man-
ner could be useful to gauge autophagy levels within pa-
tient tumors (Kraya et al. 2015). These studies support
the idea that autophagy promotes the coordinate secretion
of cytokines favoring tumor cell invasion and broach the
hypothesis that autophagy may direct non-cell-autono-
mous functions in tumor cells as well as associated stro-
mal constituents by impacting secretory capacity.

Along these lines, autophagy has been shown to medi-
ate a critical metabolic cross-talk in pancreatic cancer be-
tween the epithelial tumor cells and a specialized type of
tumor-associated fibroblast known as a stellate cell. In
this case, it is autophagy in the stellate cells that promotes
the secretion of nonessential amino acids, likely through
the autophagic degradation of protein (Sousa et al. 2016).
Here, alanine has a critical role, as the tumor cells take
up the secreted alanine and use its carbon to fuel the
TCA cycle and biosynthesize fatty acids (Sousa et al.
2016). The utilization of alanine allows other carbon
sources, such as glucose, to be used for biosynthetic func-
tions such as the synthesis of serine, which is important in
multiple cancer types to provide nucleotides for rapidly
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dividing cells. Importantly, inhibition of autophagy selec-
tively in the stellate cells blocks this cross-compartmen-
tal metabolism and attenuates the promotion of tumor
growth in both cotransplantation assays and in vitro stud-
ies using conditioned medium from stellate cells (Sousa
et al. 2016). In a related fashion, several ATGs have been
uncovered to promote the efficient biogenesis and egress
of exosomes, further suggesting important functions for
components of the core autophagy machinery in the tu-
mor microenvironment (Murrow et al. 2015).

Autophagy’s role in tumor immunity remains contro-
versial. While early reports suggested that chemothera-
py-induced immunity in highly immunogenic mouse
cancers is autophagy-dependent (Michaud et al. 2011),
concern was raised that this model did not mirror clinical
experience (Amaravadi 2011). More recently, the interac-
tion between T cells and natural killer cells and the tumor
cells that they are engaged in killing suggests that tumor
cell autophagy may serve to intercept perforin and gran-
zyme effectors released by cytotoxic immune cells, blunt-
ing the efficacy of the anti-tumor immune response
(Akalay et al. 2013; Baginska et al. 2013). Damage-associ-
ated molecular pattern molecules (DAMPS) such as high-
mobility box group 1 (HMGB1), which are critical regula-
tors of inflammation, also control autophagy levels within
tumor cells (Zhu et al. 2015). Finally, autophagy was
shown to be critical for the development of immunosup-
pressive T regulatory cells (Wei et al. 2016). Taken togeth-
er, these findings indicate that the role of autophagy in
anti-tumor immunity may be highly context-dependent
and warrants further study.

Arguments against targeting the autophagy
pathway in cancer

While the studies described above provide compelling ev-
idence that inhibiting autophagy may have value for can-
cer therapy, arguments can be made opposing this
concept. First, inhibiting autophagy may be too toxic.
While this is always an issue with drug development,
the GEMMs have identified the major toxicity concerns,
which are not beyond what has been encountered with
other anti-cancer drugs. Moreover, small molecule inhib-
itors targeting the autophagy pathway are not likely to be
capable of irreversible, complete target inhibition, as is
the case of genetic deletion of an ATG.

Second, human cancer cell lines can be unaffected by
autophagy suppression (e.g., Maycotte et al. 2014; Man-
delbaum et al. 2015). Human cancer cell lines often toler-
ate genome-editing approaches that delete Atg genes
when grown in two-dimensional (2D) culture with replete
culture medium (Eng et al. 2016), which is in contrast to
the findings from spontaneously arising tumors. This is
not likely an argument against targeting autophagy, as
even cell lines derived from tumors deleted for ATGs
that display an in vivo tumor growth defect can grow nor-
mally in the nutrient-rich conditions of 2D culture, al-
though they are sensitive to starvation (Guo et al. 2013a;
Strohecker et al. 2013). The high-nutrient conditions of



in vitro cell culture conditions may be inappropriate for
testing the function of a pathway responsive to nutrient
stress and may miss key anti-cancer effects that would
be evident in the in vivo microenvironment. There may
also be clonal selection, adaptation, and development of
resistance mechanisms that occur during generation of
human cancer cell lines selected for deletion for Atgs in
vitro.

Third, while there are numerous reports showing
growth defects from autophagy inhibition in transplanted
tumors in immunocompromised mice, these tend to be
less impressive than what is seen in autochthonous mod-
els (Eng et al. 2016). Inmunocompromised mice neglect
the role of autophagy defects in activating the host im-
mune system. Indeed, a common property of autophagy-
deficient tumor cells is activation of innate and adaptive
immune responses (Degenhardt et al. 2006; Guo et al.
2011; Mathew et al. 2014; Xie et al. 2015), which have
been shown to contribute to anti-tumor activity (Wei
et al. 2011; Levy et al. 2015). Moreover, the use of fast-
growing tumors and a short time frame of analysis in
nude mice is not a physiological assessment of tumorigen-
esis and impaired metabolic stress adaptation (Eng et al.
2016), although this is a reasonable approach to demon-
strate dependency on oncogenic signaling (e.g., the effect
of a BRAF inhibitor on BRAF mutant tumor cells).

Last, the anti-tumor activity produced by autophagy
deficiency in the GEMMs has been proposed to be attrib-
uted to autophagy defects in both tumor and normal host
tissues, and it has been put forth that it is host and not tu-
mor cell-autonomous autophagy that promotes tumor
growth (Nyfeler and Eng 2016). While the data do support
non-tumor cell-autonomous roles for autophagy in tumor
growth, there are extensive data that also support the im-
portance of autophagy in the tumor cells themselves. In-
deed, with a singular exception (Karsli-Uzunbas et al.
2014), the recombinase in the aforementioned autochtho-
nous models delete the essential autophagy gene with ac-
tivation of the oncogene and/or deletion of the tumor
suppressor gene in the tumor cell compartment. There
is no normal host tissue deficient for autophagy in these
models. Tissue-specific recombinase expression also does
not confer Atg deletion in fibroblasts, the major tumor
stromal component. In the GEMM:s for lung tumorigene-
sis, adenovirus delivery of the recombinase activates tu-
morigenesis with or without Atg deletion in isolated
individual lung epithelial cells, resulting in tumors sur-
rounded by normal stroma and lung tissue. While both
host autophagy and tumor cell-autonomous autophagy
contribute to tumor growth, survival, and malignancy,
the interplay between them needs more in depth study
and does not account for the vast majority of tumor
growth defects due to Atg deletion in the GEMMs.

Potential therapeutic targets in the autophagy pathway

As autophagy has a demonstrated role in promoting
tumor initiation, growth, survival, maintenance, malig-
nancy, and metastasis in varying settings, therapeutic
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targeting of autophagy for cancer therapy may have value.
Efforts in both the pharmaceutical industry and academia
have focused on the development of small molecule inhib-
itors targeting the components of the autophagy pathway.
Here we discuss several autophagy targets for small mole-
cule inhibition.

ULK1

Several groups have developed ATP-competitive inhibi-
tors of ULK1 kinase (the apical kinase important for initi-
ating autophagosome formation) that block autophagy
in cells in vitro (Egan et al. 2015; Lazarus and Shokat
2015; Petherick et al. 2015). The most characterized of
these started with a FAK inhibitor that potently inhibited
ULK]1 function (Russell et al. 2013; Egan et al. 2015). Me-
dicinal chemistry efforts were driven by structure activity
relationship (SAR) data and led to the development of the
lead compound SBI-0206965, with an ICsy of 108 nM for
ULK]1 kinase (Egan et al. 2015).

To determine whether this ULK-1 inhibitor attenuated
autophagy in cancer cells, NSCLC tumor cells were treat-
ed with either the mTOR inhibitor AZD8055 alone to
stimulate autophagy or AZD8055 in combination with
SBI-0206965 (Egan et al. 2015). Cells treated with SBI-
0206965 and AZDS8055 contained significantly fewer
autophagic vacuoles than cells treated with AZD8055
alone (Egan et al. 2015), indicating that SBI-0206965 effec-
tively inhibits autophagy in cancer cell lines. As SBI-
0206965 shows low-level activity against several other ki-
nases, siRNA studies were performed testing 18 different
kinases and then were treated with AZD8055 to stimulate
autophagy. Only siRNA to ULK1 inhibited formation of
GFP-LC3 puncta, indicating that the decrease in autoph-
agy following SBI-0206965 treatment was due to in-
hibition of ULK-1 alone (Egan et al. 2015). Nutrient
deprivation or an mTOR inhibitor (SBI-0206965) en-
hanced cellular apoptosis (Egan et al. 2015), indicating
that tumor cells requiring autophagy for survival can be
forced into cell death pathways through ULK-1 inhibition.

Vps34 inhibitors

Vps34 is the class III phosphotidyl inositol 3 (PI3) kinase
(PIK-II) in the Beclinl complex that produces PI3-phos-
phate, a lipid important for autophagosome membrane
formation and vesicle trafficking. A fluorescent LC3
high-content, image-based screen identified Spautin-1 as
an autophagy inhibitor (Liu et al. 2011). Spautin-1 inhibits
the ubiquitin proteases USP10 and USP13, which remove
ubiquitin from Beclinl. Spautin-1 suppresses deubiquiti-
nation of Beclinl, thereby promoting degradation of the
Beclinl/Vps34 complex and inhibiting autophagy (Liu
et al. 2011). As USPs have multiple substrates (p53 is
also a substrate of USP10), the consequence of Spautin-1
activity is not directed solely against inhibiting auto-
phagy. In turn, ATGs have autophagy-independent func-
tions; thus, their direct targeting may affect other
cellular processes.
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Another high-content screen followed by deconvolu-
tion and hit optimization led to identification of the
Vps34 inhibitor SAR405 (Ronan et al. 2014). SAR405
binds the hydrophobic cleft of the active site and is highly
selective for Vps34. SAR405 inhibits vesicle trafficking,
autophagy, and lysosome function and has anti-prolifera-
tive and anti-tumor activity (Ronan et al. 2014). Indepen-
dent high-throughput screening of compound libraries
identified PIK-III, a potent and selective inhibitor of
VPS34 that binds in the unique hydrophobic pocket of
the active site (Dowdle et al. 2014). PIK-III inhibits
autophagy in cells, causing the accumulation of autoph-
agy substrates. Whether Vps34 is the best target in the
autophagy pathway remains to be determined given its
known role in multiple vesicular trafficking pathways

ATG4 inhibitors

ATG4B is the main cysteine protease that cleaves LC3 and
the other ATGS8 adaptor proteins, a step essential for sub-
sequent lipidation, autophagosome association, and mat-
uration. In silico approaches and in vitro studies identified
an Atg4B inhibitor with low potency, which blocked
autophagy and promoted tumor cell death (Akin et al.
2014.). In vitro assays for inhibitors of ATG4B protease ac-
tivity have been developed with the potential to generate
highly selective and potent inhibitors (Vezenkov et al.
2015; Xu et al. 2016).

Lysosome inhibitors

The ultimate destination for autophagy cargo is the lyso-
some, and inhibition of lysosome function (e.g., acidifica-
tion and enzymatic degradation) blocks the culmination
of autophagy as well as other lysosome-mediated func-
tions. Chloroquine (CQ) is a 4-aminoquinoline that was
used in the treatment or prevention of malaria. Numerous
CQ derivatives, including hydroxychloroquine (HCQ),
quinacrine, mefloquine, and piperoquine, are used clini-
cally. CQ derivatives are known to accumulate in the
endolysosomal compartment, resulting in deacidifica-
tion, impaired lysosomal enzymatic function, and block-
ade of autophagic flux (Steinman et al. 1983). Other
mechanisms of action have been proposed for CQ’s cyto-
toxicity in cancer cells, including its ability to promote
DNA damage at high doses (Bakkenist and Kastan 2003)
and its anti-angiogenic properties related to impairment
of Notch endosomal recycling (Maes et al. 2014). Many
other purported mechanisms of action or candidate bind-
ing partners for CQ derivatives do not address the endoly-
sosomal accumulation. Within the lysosome, the
mechanism of action of CQ derivatives remains elusive.
It is thought that it acts as a weak base that deacidifies
the lysosome. However, many cancer drugs are weak bas-
es that accumulate in lysosomes without producing
autophagy inhibition as CQ does (Fu et al. 2014). One ex-
planation is that HCQ can displace other combined drugs
from the lysosome to the cytosol or nucleus, improving
their intracellular bioavailability (Fu et al. 2014). An alter-
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native hypothesis that is being pursued is that CQ indeed
has a molecular target.

A major concern with CQ is that it is not a specific in-
hibitor of autophagy (Eng et al. 2016). The data that sup-
port this conclusion rely on the observation that CQ
often produces identical cytotoxicity in cancer cells engi-
neered to lack key autophagy genes compared with their
wild-type controls. The concern with this conclusion is
that noncanonical autophagy programs such as Rab9-as-
sociated (Nishida et al. 2009) or TRIM31-associated vesi-
cles (Ra et al. 2016) can be recruited in cells deficient in
canonical autophagy genes. The presence of these alterna-
tive autophagy programs implores caution to the notion
that CQ’s cytotoxicity must be autophagy-independent.
Direct comparison of cell death observed with shATG5
knockdown versus with various doses of CQ suggests
that there may be specific concentrations in each cellular
context where CQ is autophagy-selective, and, beyond
this concentration, autophagy-independent cytotoxicity
may be at play (Amaravadi et al. 2007).

While the mechanism of action of CQ derivatives is be-
ing sorted out, it is clear these compounds, unlike many
targeted therapies being developed for the treatment of
cancer, can actually kill cancer cells. The fact that many
of these agents are considered some of the safest and
most inexpensive drugs made also adds to the need to
study them further. The availability of these agents for
clinical use has led to rapid translation of preclinical stud-
ies into clinical trials. The results of the first six cancer
clinical trials involving HCQ in combination regimens
(Barnard et al. 2014; Rangwala et al. 2014a, b; Rosenfeld
et al. 2014; Vogl et al. 2014) as well as a single-agent trial
(Wolpin et al. 2014) were recently published. In these stud-
ies, the highest doses of HCQ allowed by the Food and
Drug Administration were needed to modulate autopha-
gosome accumulation in peripheral blood mononuclear
cells and tumor biopsies. While overall there was a low
rate of severe toxicity in a very sick phase I population
of patients, a few combinations produced dose-limiting
toxicities, limiting the magnitude of autophagy modula-
tion in those trials. More potent autophagy inhibitors or
more sensitive tumors (either histologically classified or
biomarker-identified) may result in better response rates.
For instance, as described above, pancreas cancer may be
especially vulnerable to CQ derivatives. One cycle of gem-
citabine and HCQ delivered in the neoadjuvant setting
significantly enhanced the resectability of locally ad-
vanced pancreatic cancer (Boone et al. 2015).

One example of a more potent CQ derivative that could
be translated into a clinical drug in the near future is the
dimeric CQ Lys01, which is a 10-fold more potent autoph-
agy inhibitor than HCQ. Compared with HCQ, Lys05, a
water-soluble salt of Lys0O1, more potently accumulates
within and deacidifies the lysosome, resulting in impaired
autophagy and tumor growth (McAfee et al. 2012). At the
highest dose administered, some mice developed Paneth
cell dysfunction that resembles the intestinal phenotype
of mice and humans with genetic defects in the autophagy
gene ATG16L1 (Cadwell et al. 2008), providing in vivo ev-
idence that LysO5 targets autophagy. Unlike HCQ,



significant single-agent anti-tumor activity is observed
without toxicity in mice bearing xenograft tumors treated
with lower doses of Lys05, establishing the therapeutic
potential of this compound in cancer. However, while
Lys05 is 10-fold more potent than HCQ in in vitro autoph-
agy assays, it is cytotoxic only at micromolar concentra-
tions in most cancer cells. Going forward, it will be of
great interest to determine the precise mechanisms by
which antagonizing lysosome function impedes cancer
growth and survival, bearing in mind that this is not lim-
ited to effects on autophagy (White 2013).

Identifying potential responders to autophagy
inhibition in patient populations

Unlike genetic mutations in oncogenes that help steer pa-
tients to specific ATP mimetic-based targeted therapy,
specific mutated oncogenes identifying the tumors that
would most benefit from autophagy inhibition are still
evolving. Candidate biomarkers for potentially responsive
tumors include those with abundant autophagosomes,
hypoxic or nutrient stressed tumors, and tumors with ac-
tivation of the MiT/TFE family. Based on preclinical
work, Kras/p53 mutant PDAC, NSCLC, and melanoma
are also a good starting point.

A defining feature of PDAC is its hypovascular and fi-
brotic microenvironment that promotes conditions of ex-
treme hypoxia and nutrient deprivation (Ryan et al. 2014).
PDAC cells adapt to life under limited nutrient conditions
by relying on scavenging pathways for growth; namely,
macropinocytosis and autophagy (Yang et al. 2011, 2014;
Commisso et al. 2013; Perera and Bardeesy 2015). Impor-
tantly, both of these pathways converge on the lysosome
for breakdown of scavenged material, and recent studies
have shown that the lysosomal compartment is greatly
expanded in PDAC cells (Perera et al. 2015). This finding
suggests that increased lysosome biogenesis and function
may be critical to the nutrient-scavenging program in
PDAC to ensure efficient breakdown and recycling of cel-
lular components and internalized material. The MiT/
TFE family of transcription factors (TFE3, MITF, and
TFEB) (Settembre et al. 2011, 2013) are upstream regula-
tors of autophagy and lysosome function, which confers
PDAC cells with increased catabolic capacity (Perera
et al. 2015).

MiT/TEFE factors are subject to negative regulation via
direct phosphorylation by mTORCI1 (Roczniak-Ferguson
et al. 2012; Settembre et al. 2012; Martina et al. 2014);
that is, under nutrient-replete conditions, mTOR is acti-
vated and localized to the lysosome, where it phosphory-
lates and inactivates the MiT/TFE proteins. Conversely,
upon starvation, mTOR is switched off, enabling nuclear
translocation of unphosphorylated MiT/TFE proteins.
This mechanism of regulation ensures that catabolic pro-
cesses such as autophagy are suppressed under conditions
of high nutrient availability, while activation of biosyn-
thetic reactions are favored. In PDAC, the MiT/TFE pro-
teins bypass mTORCI1-mediated negative surveillance
and are constitutively localized in the nucleus to activate
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autophagy and lysosome gene expression (Perera et al.
2015). Thus, PDAC cells have found a way to break the
dichotomy between states of biosynthesis and catabolism.
By doing so, they maximize growth processes associated
with high mTOR activity while simultaneously benefit-
ing from the nutrient scavenging and metabolic adapta-
tion associated with activation of catabolic programs.
Similarly, dephosphorylation of other mTORCI1 sub-
strates, such as ULK1, also promotes elevated autophagy
in the context of high mTORCI signaling (Wong et al.
2015), as described above. Thus, some tumors activate
the MiT/TFE family by either genetic alteration or onco-
genic signaling, and this may be a useful biomarker for pa-
tient selection for responsiveness to autophagy inhibition.

Another example of a clinically feasible biomarker that
could enrich for cancers that are autophagy-dependent is
the BRAFV°F mutation. BRAF mutant cancers may be
especially sensitive to autophagy inhibition when com-
bined with BRAF inhibition. BRAF mutant pediatric glio-
ma cells are highly dependent on autophagy (Levy et al.
2014), while BRAF wild-type gliomas are autophagy-inde-
pendent (Levy and Thorburn 2012). Similar findings were
found in BRAF mutant melanoma (Ma et al. 2014).
Autophagy markers were up-regulated in a large subset
of samples of patients treated with BRAF or BRAF and
MEK inhibitors. Mechanistically, BRAF inhibitors pro-
duce cytoprotective autophagy through an intermediate
unfolded protein response. Genetic inactivation of
autophagy also enhances the efficacy of BRAF inhibitors
in GEMMs with tumors driven by oncogenic Braf, which
are especially autophagy-dependent (Strohecker et al.
2013; Xie et al. 2013; Strohecker and White 2014). This
opens up the possibility that pharmacological autophagy
inhibition could provide a different strategy to deal with
drug resistance: Rather than targeting the same pathway
a different way, an entirely different process (i.e., autoph-
agy) is inhibited to circumvent resistance to a kinase
inhibitor.

Future directions

The gap in our knowledge currently is the limited under-
standing of what autophagy specifically does at the molec-
ular level and how this is influenced by tissue type, tumor
genetics, and disease state. For example, recycling by
autophagy is important to supply substrates for metabo-
lism and survival of NSCLC, but is this true in other can-
cers and is the purpose the same? Will this inform
combination therapy, especially with jointly targeting
metabolism? When is protein and organelle quality con-
trol important? Are there adaptive or resistance mecha-
nisms to autophagy inactivation? Does host autophagy
promote tumor growth and, if so, how? Pancreatic stellate
cells use autophagy to provide alanine to PDAC metabo-
lism, but what about tumors that lack this abundant stro-
mal compartment? Analogously, is there a role of host
autophagy in supplying tumors with circulating nutri-
ents? Does autophagy inhibition generally promote an
anti-tumor immune response, and will it enhance
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response to checkpoint inhibitors? What are the best tar-
gets in the autophagy pathway for inhibitor development?
How can autophagic flux be measured in human tissue
samples? Can autophagy inhibitors delay the onset of he-
reditary breast cancer and CRC as the GEMM cancer
models suggest as a strategy for cancer prevention? An-
swering these and other questions will inform our under-
standing of the role of catabolic processes in health and
disease.
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