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Abstract

Macroautophagy (autophagy hereafter) captures intracellular proteins and organelles and degrades
them in lysosomes. The degradation breakdown products are released from lysosomes and
recycled into metabolic and biosynthetic pathways. Basal autophagy provides protein and
organelle quality control by eliminating damaged cellular components. Starvation-induced
autophagy recycles intracellular components into metabolic pathways to sustain mitochondrial
metabolic function and energy homeostasis. Recycling by autophagy is essential for yeast and
mammals to survive starvation through intracellular nutrient scavenging. Autophagy suppresses
degenerative diseases and has a context-dependent role in cancer. In some models, cancer
initiation is suppressed by autophagy. By preventing the toxic accumulation of damaged protein
and organelles, particularly mitochondria, autophagy limits oxidative stress, chronic tissue damage
and oncogenic signaling, which suppresses cancer initiation. This suggests a role for autophagy
stimulation in cancer prevention, although the role of autophagy in the suppression of human
cancer is unclear. In contrast, some cancers induce autophagy and are dependent on autophagy for
survival. Much in the way that autophagy promotes survival in starvation, cancers can use
autophagy-mediated recycling to maintain mitochondrial function and energy homeostasis to meet
the elevated metabolic demand of growth and proliferation. Thus autophagy inhibition may be
beneficial for cancer therapy. Moreover, tumors are more autophagy-dependent than normal
tissues, suggesting that there is a therapeutic window. Despite these insights, there remain many
important, unanswered questions about the exact mechanisms of autophagy-mediated cancer
suppression and promotion, how relevant these observations are to humans, and whether the
autophagy pathway can be modulated therapeutically in cancer.
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Introduction

Autophagy is intracellular lysosomal degradation and recycling of proteins and organelles.
Autophagy-related genes (Atg) control the process of autophagy (1). The products of these
Atg genes are regulated by nutrient (mammalian target of rapapmycin [MTOR]), energy
(AMP-activated protein [AMPK]) and stress (hypoxia-inducible factors [HIFs]) sensing
mechanisms in the cell that turn the pathway on and off (Figure 1). Once activated, a series
of ATG protein complexes orchestrate the formation of double membrane vesicles called
autophagosomes that capture cytoplasmic cargo (Figure 1). Cargo can be damaged or
superfluous proteins, organelles, lipids, and glycogen that are tagged with ubiquitin and
recognized by autophagy receptors such as Sequestasomel (p62). Cargo receptors bind both
cargo and the autophagosome membrane component LC3-I1, facilitating cargo sequestration.
Fusion between autophagosomes and lysosomes provides the hydrolases to degrade the
cargo. The resulting amino acids, nucleosides, fatty acids and sugars are released into the
cytoplasm for recycling (2) (Figure 1). Autophagy is essential to prevent the toxic
accumulation of damaged proteins and organelles and to sustain metabolism, energy
homeostasis and survival in starvation. Autophagy is also important to recycle ferritin, and
autophagy defects cause perturbation of iron homeostasis that increases susceptibility to
oxidative stress (3, 4).

As autophagy activity depends of the level of activation of autophagosome initiation and the
rate of cargo degradation in lysosomes, flux through the pathway is critical to assess. This
typically involves blocking lysosome function and measuring the accumulation of
autophagolysosomes and autophagy substrates. Alternatively, genetically engineered mouse
models (GEMMs) of constitutive and conditional knockouts of essential Atg genes provide
an accurate assessment of the functional requirement for autophagy. A great deal of what we
know about the role of autophagy in normal tissues comes from these models, which also
inform its role in cancer. This review will focus on what we know about the proposed tumor
suppression and promotion roles for autophagy and how we may apply this knowledge to
the treatment and prevention of human cancer.

Context-dependent role for autophagy in cancer

Autophagy has a major role in protein and organelle degradation and metabolism (2, 5).
These activities influence the composition of half the proteome (6), prevent the buildup of
toxic cellular waste products, maintain organelle function and host defense (7), and sustain
the survival of cells and animals in the absence of nutrients (8, 9) (Figure 2). These diverse
and wide-ranging cellular activities of autophagy result in a context-dependent role for
autophagy in cancer.

Mechanism of tumor suppression

Autophagy was originally thought to be a tumor suppression mechanism due to the reported
allelic loss of the essential autophagy gene BECN1 (ATG6) in 40-75% of human breast,
ovarian and prostate cancers (10, 11). These reports are confounded by the location of
BECNL1 in close proximity to the known tumor suppressor breast cancer 1, early onset
(BRCAL1) on chromosome 17g21. Nonetheless, autophagy suppresses tissue damage, chronic
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inflammation, DNA damage response and genome instability, which are known to create an
environment for cancer initiation (6, 12-16). Mosaic loss of ATG5 in mice produces chronic
liver damage, inflammation and the development of benign liver tumors that fail to progress
to carcinoma (17). Chronic liver damage is a known tumor promoter by inducing hepatocyte
death and activation of Kupffer cells and cytokine production that stimulates compensatory
proliferation (16). Similar stimulation of benign tumor development with ATG gene deletion
is seen in the pancreas, another tissue where chronic inflammation is tumor-promoting (18,
19). These findings suggest that autophagy may suppress liver and pancreatic tumor
initiation by protein and organelle quality control that limits tissue damage (Figure 2).

Further insight into the mechanism of tumor suppression by autophagy was provided by
additional GEMMs. Accumulation of the autophagy substrate p62 induced by deletion of an
essential Atg gene in mouse liver is critical for tumor promotion as compound p62
deficiency suppresses this tumorigenesis (20). p62 binds to and inhibits Kelch-like ECH-
associated protein 1 (KEAP1), a Nuclear factor (erythroid-derived 2)-like 2, (NRF2)
inhibitor, and thereby promotes the activity of NRF2. In humans, KEAP1 is a tumor
suppressor and NRF2 is an oncogene. NRF2 is a transcription factor and master regulator of
the antioxidant defense response that promotes cancer cell survival. Thus, inhibition of
KEAP1 by p62 accumulation in autophagy-defective tumors and the resulting NRF2
activation may drive cancer cell growth and survival. Indeed, NRF2 induction in Atg7-
deficient BRAFVE00E_driven lung tumors is responsible for transient stimulation of tumor
growth (21).

Allelic loss of Becnl promotes mammary tumorigenesis following parity and when
oncogenic wingless-type MMTYV integration site family, member 1 (WNT1) is activated in
the mammary gland (22). Becnl heterozygosity causes immature mammary epithelial stem
or progenitor cell expansion, considered to be the tumor-initiating cells of WNT1-driven
mammary tumorigenesis. Interestingly, deletion of Atg7 in the mammary gland does not
share this property (22). This suggests that allelic loss of Becnl increases the pool of cells
susceptible to malignant transformation by WTNL1 activation (Figure 2). Whether this stem
cell/progenitor expansion is due to loss of an autophagy-independent function of Becnl, is
not known. It is important to note that Becnl regulates growth factor receptor signaling
independent of its role in autophagy that can contribute to cancer growth (23). There also
may be different outcomes with suppression rather than complete loss of autophagy. If this
tumor promotion is related to KEAP1/NRF2/p62 modulation as described above is also not
known. Finally, if autophagy deficiency occurs in humans and promotes cancer by these
mechanisms is not known.

Autophagy genetics in human cancer

Analysis of the genomic information available on human cancers has revealed that
autophagy genes are not generally mutated in human cancer, with a few exceptions. Allelic
loss of BECNL1 was reported in a small number of human cancer cell lines (9 out of 22) (10).
Since BECNL1 resides at 17921 in close proximity (211 Kb) to the known tumor suppressor
BRCAL, this analysis did not resolve whether BECN1 copy number loss was a driver or
passenger mutation. Moreover, no BECNL coding region or splice site mutations
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characteristic of a tumor suppressor genes were found (10). Nonetheless, this gave rise to the
notion that BECNL is a candidate tumor suppressor gene that is monoallelically deleted in
40-75% of human breast, ovarian and prostate cancers (24). In support of that concept, mice
with allelic loss of BECNL are prone to liver tumors and lymphomas and mammary
hyperplasia with long latency (25, 26). However, humans with germ line copy number loss
of BECNL1 have not been reported, thus the mouse models deficient for one copy of BECN1
do not represent a human condition. The vast majority of hereditary breast and ovarian
cancers result from germ line missense mutations in BRCAL with cancer arising following
deletion of the remaining wild type allele along with hundreds of other genes, among them
often is BECNL. Thus clear proof of the tumor suppressor status of BECN1 has been lacking.

Is there evidence of selection for BECNL loss in human cancers? More recent analysis of the
mutational status of BECNL in The Cancer Genome Atlas (TCGA) data containing 10,000
human cancers with matched normal controls demonstrated no significant occurrence of
copy number losses in BECN1 independent of co-deletion of BRCAL in any cancer (27).
Since BRCAL deletions only occur significantly in breast and ovarian cancer, there are no
significant copy number losses in BECNL in prostate cancer as originally reported. This is
consistent with BRCA1 mutations being rare in this disease (27). In the TCGA data set, there
is also no significant occurrence of somatic mutations in BECNL1 (27). Thus copy humber
losses in BECNL1 rarely occur independent of deletion of BRCAL, and BECNL is not
otherwise mutated in human cancers.

Independent analysis of the TCGA breast cancer data confirmed the lack of significant copy
number losses in BECNL1 in the absence of co-deletion of BRCAL (28). Interestingly,
genomic analysis of another large human breast cancer data set, METABRIC, found
significant BECN1-only deletions. The vast majority of the TCGA breast tumors are from
untreated individuals, whereas the METABRIC data set is enriched in tumors from heavily
pre-treated patients (28). This suggests that primary, untreated breast cancers lack BECN1-
only copy number loss, but this is increased in heavily pretreated breast cancers in
METABRIC. These results may reflect mutagenesis of homologous recombination-deficient
BRCAL/2 and partner and localizer of BRCA2 (PALB2) mutant breast cancers, or possibly a
role for BECN1 allelic loss in response to breast cancer treatment.

Going forward it will be interesting to generate a mouse model that resembles hereditary
breast and ovarian cancer bearing a germ line pathogenic BRCA1 mutation with subsequent
deletion of BRCA1 with or without deletion of BECNL. If loss of both BRCA1 and BECN1
promotes cancer to a greater extent than the loss of BRCAL alone, that would support the
concept that BECNL is a tumor suppressor and would provide an approach to identify the
underlying mechanism. Alternatively, the large deletions that arise with loss of
heterozygosity of BRCA1 may have no functional consequence beyond deletion of the
remaining BRCAL allele, or may harbor additional tumor suppressors that could include
BECNL1 or other genes. It is also intriguing to speculate that the tumor suppression function
of autophagy revealed in loss-of-function mouse models is due to mutations in genes other
than those used to generate the mice. Thus the autophagy pathway can be tumor suppressive
in some settings but the specific genes involved are different in humans from those used to
demonstrate the phenotype in mice.
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Regardless of whether BECNL1 is a tumor suppressor gene or not, another autophagy-related
gene, PARK2 (Parkin), has been identified as a potential tumor suppressor on chromosome
6025-q26 that is frequently deleted in human cancers (29, 30). Parkin is an E3 ubiquitin
ligase that plays an important role in mitophagy (the autophagy of mitochondria) but also
has autophagy-independent functions that regulate the cell cycle, potentially also explaining
its role in cancer (30).

Another autophagy-related gene with a role in cancer is p62, the product of which is an
autophagy cargo receptor and substrate that prominently accumulates with autophagy
inhibition. In mouse models, p62 deficiency inhibits lung cancer development (31), and
suppresses tumorigenesis triggered by autophagy deficiency in liver as discussed above (20)
and in cell lines (32). Gain of p62 also promotes tumorigenesis (14) and the growth of
FIP200-deficient tumors (32). Importantly, focal amplification of p62 on chromosome 5q
occurs in renal cancer (33). P62 regulates NRF2 and also mTOR and NF«B, all of which are
important in cancer signaling (34). Thus, deregulation of p62 by autophagy inhibition may
be an important cancer—promoting mechanism suppressed by autophagy.

Mechanisms of tumor promotion

Autophagy promotes survival in starvation by recycling intracellular components, and this
function is conserved from yeast to mammals (2). In normal, fed conditions, basal levels of
autophagy are low. In starvation, autophagy is rapidly induced to high levels and the
resulting degradation of intracellular components supplies substrates to support metabolism
in the absence of extracellular nutrients (Figure 2). The autophagy substrates and metabolic
pathways they support are not specifically known, but they might be expected to depend on
the particular tissue and circumstances.

The metabolic survival-promoting function of autophagy is also activated in cancers. Some
cancer cell lines have abnormally high levels of basal autophagy even under fed conditions.
This suggests that oncogenic events create inherent metabolic stress necessitating autophagy
activation to sustain tumor cell survival (19, 35-41). New evidence suggests that Ras-driven
pancreatic cancers activate transcription programs for autophagy and lysosomal biogenesis
by promoting the nuclear localization of the master regulatory MiT/TFE family (42).
MIT/TFE family members are also activated by somatic mutation and other mechanisms in
human cancers (43), suggesting the general importance of the autophagy-lysosome system
in promoting tumor growth.

Knocking down the expression of essential autophagy genes or deleting them in cancer cell
lines can reduce survival and tumorigenesis, establishing the functional importance of
autophagy in tumor promotion. Autophagy is also upregulated in hypoxic tumor regions
where it is required for tumor cell survival (35). Thus, both the activation of cancer
pathways within tumor cells and stress in the tumor microenvironment can increase the
requirement for autophagy to promote tumor growth and survival. But what is autophagy
specifically doing and what are the circumstances?
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Autophagy promotes tumorigenesis in GEMMs

To address the functional role of autophagy in physiological settings, essential autophagy
genes were deleted in tumors of GEMMs for cancer. In these models, cancer initiation is
driven by oncogene activation and/or tumor suppressor gene inactivation, which occur
simultaneously with or without deletion of an Atg gene. Tumors emerge that are either wild
type or deficient for autophagy while the host retains autophagy function. These models
simply address the potential tumor cell-autonomous requirement for autophagy. Another
characteristic of these models is that they address the role of autophagy in cancer as the
tumor evolves spontaneously in its natural microenvironment in the presence of an intact
immune system. This feature allows for a close preclinical approximation of human disease
that is highly relevant given the emergence of new, effective immunotherapies with
antitumor activity in multiple types of solid tumors (44). Other models such as xenografted
human tumors and cancer cell lines grown in nude mice lack these important characteristics.
This is specifically problematic given the known functional interactions between autophagy
and the immune system. A limitation of these models is that autophagy deficiency is only in
the tumor, so the selective role of autophagy in cancer versus normal tissue is not addressed.

Deletion of Atg7 in an autochthonous GEMM for K-ras®2D_driven lung cancer causes
tumor cells to accumulate autophagy substrates, particularly defective mitochondria (37).
Atg7-deficient tumors also activate the Trp53 tumor suppressor protein, and have less
proliferation and more apoptosis, which likely contributes to the significant reduction in
tumor burden. While Atg7 wild type tumors progress to adenocarcinomas, Atg7-deficiency
instead produces benign oncocytomas, rare tumors characterized by the accumulation of
defective mitochondria (37). This suggests that autophagy is required for development of
aggressive cancer and that autophagy defects may be the underlying basis for the benign
status of human oncocytomas. Mice bearing Atg7-deficient lung tumors die of pneumonia
instead of cancer, consistent with a role for autophagy suppressing a lethal inflammatory
response as seen in other settings (37). Compound deletion of Trp53 with activation of K-
ras®12D in the lung alleviated some of the anti-tumor activity of Atg7 deficiency, however,
tumor growth was still suppressed and limited to benignh oncocytomas (37). Similar findings
were obtained with deletion of Atg5 suggesting that these events are not due to an
autophagy-independent function of Atg7 (45). Thus, complete autophagy ablation alters lung
tumor fate from carcinomas to benign oncocytomas, activates Trp53, and suppresses
tumorigenesis.

Interestingly, without Atg7, K-ras-driven, Trp53-deficient lung cancers accumulate lipid due
to defective mitochondrial fatty acid oxidation (FAO). Therefore, in the absence of Trp53,
K-ras-driven lung cancers require autophagy to maintain the functioning pool of
mitochondria for lipid catabolism and homeostasis (37). Trp53 regulates metabolism and the
metabolic changes that result from Trp53 absence in the tumors may alter the metabolic
requirement for autophagy, increasing the requirement for FAO (46). Cell lines derived from
these Atg7-deficient lung tumors are also more sensitive to starvation and dependent on
glutamine than Atg7 wild type tumors, revealing another metabolic vulnerability (37). This
suggests that autophagy not only maintains FAO but also supplies amino acids from protein
degradation, particularly glutamine, to sustain mitochondrial metabolism and survival (47).
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It will be of great interest to map the changes in metabolism caused by defects in autophagy,
and to identify the metabolic substrates produced by autophagy and the pathways they are
used for to clearly define the role of autophagy in K-ras-driven lung cancer metabolism.

Avre findings of autophagy-dependent cancers generalizable to tumors driven by distinct
oncogenic events? To address this point, Atg7 was deleted in Braf¥89°E_driven lung tumor
GEMM. Early in tumorigenesis, Atg7 deficiency accelerated tumor growth (see above) but
later it suppressed it, generating oncocytomas and greatly extending mouse survival (48).
The early acceleration of tumor growth by loss of Atg7 is due to hyperactivation of NRF2,
since it is abolished by Nrf2 deficiency (48). Atg7 is similarly required for BrafV600E_driven
lung tumorigenesis in the absence of Trp53 (48). Atg7-deficient tumor-derived cell lines
from this model are sensitive to starvation and highly glutamine-dependent in comparison to
the Atg7 wild type controls, although they do not display the lipid accumulation seen in the
K-ras tumors (48). Thus lung cancers with different cancer drivers are autophagy-dependent,
with BrafV690E tumors having a greater autophagy-dependence than K-ras®12D tumors. This
may due to their increased respiration (21).

Is the autophagy-dependence of cancers related by the origin of their tissue type? Pancreatic
cancer cell lines also have a high rate of basal autophagy and are autophagy-dependent (41),
prompting functional assessment in GEMMs. In autochthonous models of pancreatic cancer
driven by K-ras®12P with Trp53 intact or with the stochastic loss of heterozygosity of
Trp53, genetic ablation of autophagy in the pancreas increases premalignant pancreatic
intraepithelial neoplasia (PANIN) lesions (18, 19). Despite increased PANIN, these lesions
are impaired for progression to invasive cancer, which increases mouse survival (18, 19).
Thus autophagy suppresses PANIN but it is required for progression to aggressive cancer
independent of Trp53 status, although the underlying mechanisms are unknown (49). It is
interesting to note that, like liver cancer, pancreatic cancer is also triggered by chronic tissue
damage and inflammation. We speculate that autophagy deficiency in mice may promote
tumor initiation by the same mechanism. If this is also a mechanism of carcinogenesis in
humans remains to be determined.

There is evidence that autophagy plays a role in promoting mammary tumors. Deficiency in
FAK family-interacting protein of 200 kDa (FIP 200), which is part of the autophagosome
initiation complex important for autophagy induction, impairs mammary tumorigenesis
induced by PyMT (50). Tumor growth impairment is accompanied by induction of innate
immunity genes and immune infiltration (50), as seen in other models (6, 8, 35, 37, 51). An
important future goal is to determine if autophagy deficiency in tumors activates an anti-
tumor immune response that contributes to suppression of tumorigenesis.

Germline mutations in BRCA1, BRCAZ2, and PALB2, which regulate DNA damage response,
DNA repair by homologous recombination, and oxidative stress, cause hereditary breast
cancer. Loss of Palb2, in the mouse mammary gland produces tumors with long latency that
harbor mutations in Trp53 (52). Allelic loss of Becnl reduces Palb2-associated mammary
tumorigenesis in a Trp53-wild-type but not conditionally null genetic background (52).
These findings suggest that augmentation of Trp53 activity upon allelic loss of Becnl limits
mammary cancer development (46). Consistent with the findings from lung and pancreas
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cancer models described above, autophagy promotes cancer by suppressing Trp53. As no
impairment of mammary tumor development with allelic loss of Becnl is observed in the
absence of Trp53, this also suggests that complete rather than partial autophagy ablation
may be necessary for anti-tumor activity without Trp53 as seen in the other models.

The findings that Becnl allelic loss suppresses rather than promotes mammary
tumorigenesis in a model of hereditary breast cancer are opposite to the proposed tumor
suppression function of Becnl described above. Since allelic loss of Becnl promotes
mammary tumorigenesis following parity and with oncogenic WNT1 (22), the context may
influence whether mammary tumorigenesis is suppressed or stimulated.

What is the potential role of autophagy in a non-epithelial tumor type such as melanoma?
Using an autochthonous GEMM for melanoma driven by conditional activation of
oncogenic BrafV690E and deficiency in the Pten tumor suppressor gene in melanocytes, the
functional consequence of loss of Atg7 was determined. Atg7 deficiency prevented
melanoma development by BrafV6%0E activation and allelic Pten loss, and suppressed
melanomagenesis induced by BrafV600E activation and Pten deficiency (51). Thus,
autophagy is essential for melanoma development and melanomagenesis. In addition to
accumulating autophagy substrates, BrafV600E_mutant, Pten- and Atg7-deficient melanomas
display growth defects, and increased oxidative stress, senescence and animal survival in
comparison to those that are Atg7 wild type (51). Thus, Atg7 promotes melanoma by
suppressing oxidative stress and overcoming the senescence barrier, suggesting that
autophagy inhibition may be of therapeutic value in melanoma (51). The autophagy-
dependence of melanoma is also observed in human melanoma cell lines (40, 53) and with
leucine deprivation (54). Moreover, the presence of autophagosomes potentially indicating
active autophagy in patient melanomas is associated with poor outcome (38, 40). These
findings suggest that melanomas are reliant on autophagy, perhaps reflecting the Braf600E.
mediated metabolic changes and the requirement for mitochondrial function (21, 48, 51, 55).
Thus, deficient autophagy activates Trp53, induces growth arrest, senescence and apoptosis,
and causes metabolic defects, limiting tumor progression to benign disease. The requirement
for autophagy in cancers can be due to any or all of these activities, depending on the
context. Autophagy has also been recently been shown to be required for the secretion of
factors that promote invasion, and thus may have different cancer-promoting functions at
specific stages of tumor progression (56).

Role of autophagy in adult mice

Are tumors more dependent on autophagy than normal tissues? The anti-tumor activity
reported in the cancer GEMMs outlined above suggests that autophagy inhibition may
provide a therapeutic advantage. Since autophagy also plays an important role in the
function of some normal tissues (7), tumors would need to be even more autophagy-
dependent to provide a therapeutic window. The first step to addressing this point is to
switch off autophagy throughout an adult mouse similar to what would occur upon treatment
with a highly selective and potent autophagy inhibitor, and determine the consequences.
Indeed, constitutive Atg7 or Atg5 deficiency results in perinatal lethality by physiologic
neonatal starvation, although nutrient supplementation is still insufficient to rescue survival
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(9, 57). It is clear from these results that newborn mice are exquisitely autophagy-dependent,
but as they are physiologically very different from adult mice, what would happen upon
conditional systemic autophagy deficiency in adult mice was unknown. Tissue-specific Atg
knockouts indicated that autophagy would be important for some normal tissues including
brain, liver, adipose and muscle (7).

In stark contrast to the perinatal lethality of mice with constitutive Atg deficiency,
conditional, systemic deletion of Atg7 throughout adult mice is surprisingly well tolerated
(8). While a small fraction of the mice succumb to Streptococcus infection early on, most
mice remain reasonably healthy for more than a month (8). Autophagy deficiency in adult
mice ultimately limits survival to no more than three months where the cause of death is
predominantly neurodegeneration. Many tissues surprisingly retain function upon loss of
Atg7, including lung (8), contrasting the critical requirement for autophagy for lung function
in neonatal mice (58). It is clear that autophagy is far more important in the neonatal period,
likely because of the unique metabolism and higher metabolic demand imposed by growth
and differentiation. In adult mice with fully differentiated tissues, autophagy is substantially
less important where autophagy deficiency causes selective tissue damage over time.

As switching off Atg7 in adult mice is not immediately lethal, and a conserved function of
autophagy is enabling survival in starvation, what would happen if adult mice with Atg7
conditionally deleted were fasted? Mice tolerate fasting with robust activation of autophagy
(59). In contrast to wild type adult mice, Atg7-ablated adult mice fail to survive fasting for
24 hours and die from hypoglycemia (8). Fasting adult mice with short-term Atg7 deficiency
rapidly depletes adipose tissue and liver glycogen, and causes muscle atrophy, presumably
to provide amino acid substrates for gluconeogenesis and ketogenesis (8). Degradation of
muscle proteins is ultimately insufficient to sustain glucose homeostasis, and plummeting
serum glucose level leads to death. Thus, like yeast, adult mice require autophagy to survive
starvation. This suggests that there is a window in time where autophagy loss is tolerated
with the important exception of the requirement for survival during fasting.

Selective dependence of lung cancers on autophagy

Are cancers more autophagy-dependent than most normal tissues sufficient to provide a
therapeutic window for an autophagy inhibition? Moreover, what would happen if
autophagy were systemically ablated in the presence of established tumors? This contrasts
previous work where tumors develop in the absence of autophagy. To answer these
questions, mice were engineered to have lung cancer by conditionally activating K-ras¢12P
and deleting Trp53, controlled independently from deletion of Atg7. Systemic ablation of
Atg7 throughout adult mice is induced either before or after tumorigenesis. Deleting Atg7
does not alter the efficiency by which K-rasG12D activation and Trp53 loss initiate lung
tumorigenesis (8). In stark contrast, deleting Atg7 conditionally throughout adult mice with
established lung tumors (deletion occurs simultaneously in established tumors and normal
tissues) produces remarkable tumor cell death and regression, far more than expected from
the tumor-specific knockouts of Atg7 (8). This suggests that conditional systemic autophagy
ablation has potent anti-cancer activity, that host autophagy may contribute to tumor growth,
that established tumors are more autophagy-dependent than tumors with constitutive Atg7
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ablation, and that there may be compensation mechanisms in tumors evolving without Atg7

).

Role for mitochondrial quality control and function in cancer

What does autophagy do to promote the growth and aggressiveness of these cancers? The
GEMM s for cancer illustrate the requirement for autophagy in many cancers. We know that
autophagy recycles intracellular substrates to support metabolism during starvation. One
hypothesis is that maintaining metabolic function through the supply of autophagy substrates
is especially critical for tumor growth (46). Autophagy is also essential for the removal of
damaged proteins and organelles, particularly mitochondria. A second overlapping
hypothesis is that tumor cells need autophagy not only to supply substrates to mitochondria,
but that autophagy is also needed to preserve the functioning pool of mitochondria by
removing the defective ones, and that this is critical for sustaining metabolism and survival
(46). To test these hypotheses, we have begun to identify metabolic vulnerabilities in
autophagy-deficient tumor cells, the limiting substrates important for their growth and
survival and the metabolic pathways they support.

Atg-deficient tumors accumulate abnormal mitochondria with impaired respiration, FAQ,
energy homeostasis, and likely other problems (2, 37). These tumor cells are also extremely
sensitive to starvation-induced cell death. Thus autophagy is essential for maintenance of the
functioning pool of mitochondria in tumor cells, the loss of which limits substrate utilization
and metabolic fitness. These findings also point to the general importance of mitochondrial
function to tumorigenesis.

To begin to address the nature of the substrates provided by the autophagy pathway that are
important for tumor growth, substrates that rescue the survival of autophagy-deficient tumor
cells in starvation were identified. In both K-ras- and Braf-driven lung cancer cells,
supplementation with glutamine rescues respiration and cell death in starvation (21, 37, 46,
48). This suggests that autophagy replenishes tricarboxylic (TCA) cycle intermediates to
sustain metabolism by generating glutamine and other amino acids from protein and
organelle degradation (47, 48). Going forward, it will be important to determine specifically
what metabolic pathways and products are supported by autophagy substrates. Since distinct
oncogenic events impact metabolism in different ways, autophagy may have unique roles
that are dependent on the cancer genes and also the tissue type involved.

Autophagy modulation to improve cancer treatment

Which human cancers are dependent on autophagy? Those with activated Ras or B-Raf,
many autophagosomes and activated MiT/TFE is a good place to start. What is the best way
to inhibit autophagy for cancer therapy? There are three concepts: inhibit the lysosome and
autophagy cargo degradation, inhibit essential components of the autophagy machinery, and
inhibit mitochondrial respiration.

The most advanced approach to inhibit autophagy for cancer therapy is the use of
hydroxychloroquine (HCQ) to disrupt lysosome function. In numerous preclinical models
HCQ blocks autophagic flux and cargo degradation and suppresses tumor growth (60). Since
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HCQ is in use in humans for malaria prophylaxis, clinical trials testing its utility for cancer
treatment are ongoing. Recent clinical findings with HCQ are encouraging (60-67). HCQ
can modulate autophagy in patients if the dose is high enough and is well tolerated even in
combination therapies. Although the sample sizes are too small to establish efficacy, there
are a subset of patients that respond to HCQ and others with stable disease. Whether HCQ
will have sufficient potency to block autophagy in human tumors to be efficacious remains
to be determined. This has prompted the development of more active derivatives of HCQ
such as Lys05 (68). Note that targeting lysosomes has the added advantage of not only
blocking intracellular protein scavenging by autophagy, but also blocking extracellular
protein scavenging by macropinocytosis (69). Macropinocytosis and lysosomal degradation
of albumin (and presumably other extracellular proteins) is an important survival mechanism
for K-ras-driven pancreatic cancer (69, 70).

To target the autophagy machinery directly, initial approaches have focused on inhibiting
enzymes necessary for autophagosome formation. The class Il phosphatylinositol 3-kinase
Vps34 is critical for generating the lipid phosphatidylinositol 3-phosphate used for
autophagosome membrane formation. Specific VVps34 inhibitors have been recently
developed, and they can suppress the growth and increase the death of cancer cells (3, 71,
72). Another potential target is the autophagy initiating kinases ULK1 and 2, and newly
developed inhibitors block autophagy in vitro (73, 74). Other targetable enzymes include
ATG7, the E1-like enzyme required for the conjugation steps and autophagososme
formation, and ATG4b, which processes ATG8/LC3 essential for its autophagosome
membrane association. There is genetic proof of principal that loss of ATG7 suppresses
tumorigenesis (5), and an inhibitor might be expected to do the same. Over-expression of a
dominant-negative ATG4b can either increase toxicity or promote resistance to cytotoxic
drugs, so the situation where an inhibitor would be useful requires further investigation (75).

The dependence of cancers on autophagy and exploration of the underlying mechanism
suggests that maintenance of mitochondrial function is important for cancer (5). Indeed,
impairment of mitochondrial function by genetic inactivation of the essential mitochondrial
transcription factor TFAM greatly suppresses growth of K-ras-driven lung cancers (76).
Depletion of mitochondrial DNA also diminishes tumorigenesis and metastasis (77). Small
molecule inhibitors of mitochondrial respiration suppress tumor growth, with growth only
being restored upon recovery of normal mitochondrial function (78). Benign human
oncocytomas may owe their non-aggressive status to their accumulation of mutations in the
mitochondrial genome that inactivate respiration (79). Moreover many mitochondrial
enzymes such as SHMT?2 are upregulated in some cancers (80), and SHMT2 promotes
glioma survival in hypoxia (81). Indeed, the diabetes drug and complex | poison, the
biguanide metformin, has anti-cancer activity in the diabetic subpopulation (82). Tumors
with increased glucose dependence due to mitochondrial mutations are more sensitive to
biguanides (83). Defects in autophagy and the resulting inhibition of removal of defective
mitochondria may act similarly to suppress tumorigenesis by allowing the functional
deterioration of the pool of mitochondria. Collectively these findings suggest that targeting
respiration or global function of mitochondria may be a new Achilles heel of cancer (Figure
3). Note that mitochondria regulate apoptosis, the loss of which may hinder cancer therapy,
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which is discussed elsewhere in this CCR Focus section (84, 85). Mitochondrial TCA cycle
function is also important to control levels of metabolic intermediates, and their
accumulation due to inactivating mutations in succinate dehydrogenase complex
components (SDHA, SDHB, SDHC, SDHD, and SDHAF2), or isocitrate dehydrogenase or
fumarate hydratase causes aberrant regulation of dioxygenases, producing epigenetic
changes, HIF activation and cancer (86). Thus, targeting mitochondrial respiration, not the
TCA cycle, may be the best approach for cancer therapy (Figure 3).

Given that cancer represents approximately 200 different diseases, and autophagy has a
global role in metabolism and protein and organelle quality control, it is not surprising that
definition of the role of autophagy in cancer is still evolving. Autophagy stimulation may
prevent disease, and although pharmacologic means to stimulate autophagy may have value,
this can be accomplished with periodic fasting. The potential effectiveness of this is testable.

Autophagy inhibition can compromise tumorigenesis, but the underlying mechanisms
require definition. Highly selective and potent autophagy inhibitors are becoming available,
but how to identify the patients most likely to respond is not yet clear. The means to
measure autophagy activity in human tumors would be useful. Optimal drug combinations
are only beginning to emerge, with proteasome and BRAF inhibitor combinations with
autophagy inactivation showing promise (35, 51, 55, 61, 66). Mechanisms of resistance to
autophagy inhibition are unknown, although some human cancer cell lines are indifferent to
ATG loss indicating the existence of compensation mechanisms (36, 41, 87). Other points to
consider moving forward are the consequence of autophagy inhibition to the anti-tumor
immune response and the ability of tumors versus normal tissue to recover from autophagy
inactivation.
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Figure 1. Depiction of the process of autophagy
The cargo degraded by autophagy includes organelles, proteins and protein aggregates, and

constituents of the cytoplasm. Autophagy is suppressed by nutrients and mTOR, and
activated by stress, AMPK and HIF. Cargo is degraded when autophagosomes fuse with
lysosomes that provide the hydrolytic enzymes. The breakdown products of autophagy are
released into the cytoplasm where they are recycled into metabolic and biosynthetic
pathways.
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Figure 2. Role of autophagy in starvation, tumor suppression and tumor promotion
(A) Induction of autophagy-mediated survival in starvation. (B) Autophagy deficiency

produces the accumulation of damaged proteins, particularly p62, and organelles. This
causes cell death, tissue damage, DNA damage, oncogenic signaling, chronic inflammation,
stem/progenitor expansion, and tumor initiation. (C) Autophagy is activated in tumors and
promotes survival and growth, whereas loss of autophagy causes substrate accumulation,
tumor cell growth arrest, senescence, and death, and restricts tumor progression to benign
disease.
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Figure 3. Role of mitochondriain tumorigenesis
Autophagy supplies substrates for mitochondrial metabolic function. Inhibition of TCA

cycle metabolism can alter the production of metabolites that, among other things, can alter
regulation of dioxygenases, resulting in epigenetic changes that can promote tumorigenesis.
In contrast, inhibition of mitochondrial respiratory function and the ETC might be
selectively detrimental to tumorigenesis.
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