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ABSTRACT
Autophagy is the process by which cellular material is delivered
to lysosomes for degradation and recycling. There are three
different types of autophagy, but macroautophagy, which in-
volves the formation of double membrane vesicles that engulf
proteins and organelles that fuse with lysosomes, is by far the
most studied and is thought to have important context-
dependent roles in cancer development, progression, and
treatment. The roles of autophagy in cancer treatment are
complicated by two important discoveries over the past few

years. First, most (perhaps all) anticancer drugs, as well as
ionizing radiation, affect autophagy. In most, but not all cases,
these treatments increase autophagy in tumor cells. Second,
autophagy affects the ability of tumor cells to die after drug
treatment, but the effect of autophagy may be to promote or
inhibit cell death, depending on context. Here we discuss recent
research related to autophagy and cancer therapy with a focus
on how these processes may be manipulated to improve cancer
therapy.

Introduction
Autophagy is the process by which proteins, organelles, and

other cellular components are delivered to the lysosome for
degradation and recycling (Mizushima, 2007; Ravikumar
et al., 2010). Although autophagy was first described over 40
years ago, the last decade has seen an explosion of interest
(Yang and Klionsky, 2010a) and the clear connection of
autophagy to various diseases (Rubinsztein et al., 2012) and
diverse stresses (Kroemer et al., 2010), as well as normal
developmental processes (Levine and Klionsky, 2004) and
aging (Rubinsztein et al., 2011).
Three types of autophagy have been characterized. Macro-

autophagy involves the formation of double membrane
vesicles that engulf proteins and organelles, such as mito-
chondria and peroxisomes. These vesicles, called autophago-
somes, fuse with lysosomes and the lysosomal hydrolases then
degrade the engulfed material, allowing macromolecular
precursors, such as amino acids, to be recycled and used as
metabolic intermediates. In the literature, it is sometimes
confusing as to whether increased numbers of autophago-
somes are actually indicative of increased autophagy, i.e., more

autophagic flux whereby autophagosomes fuse with lyso-
somes and their contents are degraded. This is because
autophagosomes can increase in a cell either becausemore are
being made or because fewer are fusing with lysosomes and
being degraded. Many published experiments do not distin-
guish between these two diametrically opposed conclusions,
and this may explain some contradictory results that have
been reported over the years. Chaperone-mediated autophagy
(CMA) involves direct recognition of specific proteins that
contain an exposed amino acid motif (KFERQ) that is rec-
ognized by the heat shock protein hsc70 and then delivered
directly to the lysosome via the lysosomal protein LAMP2A.
Finally, microautophagy involves direct engulfment of mate-
rial by the lysosome. By far the best studied of these processes
is macroautophagy, and almost all the work related to au-
tophagy and cancer development, progression, and therapy
refers to macroautophagy. However, recent work shows that
CMA is important for tumor growth and progression (Kon
et al., 2011) and, thus, could potentially be a useful thera-
peutic target in cancer. Additionally, current pharmacological
methods to inhibit autophagy that target the lysosome may
affect CMAaswell asmacroautophagy (Thorburn andDebnath,
2011). Thus, although in this review we will use the term
“autophagy” to meanmacroautophagy, the reader should bear
in mind that CMA is also important and may also be targeted
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in at least some studies where autophagy is manipulated in
an attempt to improve cancer treatment.
Mammalian autophagy is controlled by a complicated net-

work of signaling pathways, most of which feed into the
PI3K/mTORC1 pathway. These signaling pathways regulate
the evolutionarily conserved core autophagy machinery that
involves over 30 autophagy regulators encoded by ATG genes
(Ravikumar et al., 2010; Yang and Klionsky, 2010b). In
simplified terms, the autophagy machinery can be broken into
various interconnected steps (for review of the role(s) of ATG
proteins in these steps seeMizushima et al., 2011). First there
is activation of a complex involving the serine/threonine
kinase ULK1. This complex is a direct target of the mTOR
pathway, as well as other regulators of autophagy, specifically
AMP-activated protein and serves to initiate formation of the
autophagosome. Expansion of the autophagosomal mem-
brane is promoted by a second multiprotein complex con-
trolled by a scaffold protein, Beclin 1 (BECN1), which involves
activation of a lipid kinase, VPS34. Continued expansion of
the membrane also relies on various proteins that orchestrate
the conjugation of two proteins (ATG5 and ATG12) and
a protein–lipid conjugation event whereby ATG8, often known
as LC3 in mammalian cells is, along with its family mem-
bers, conjugated to phosphatidylethanolamine. The expand-
ing membrane engulfs cargo. This occurs both selectively
through the actions of scaffolding proteins that contain a so-
called LIR domain, such as p62/SQSTM (Birgisdottir et al.,
2013), and nonselectively. The autophagosomal membrane
then fuses to form an intact autophagosome, which is often
detected by following foci that stain positive with LC3, and
autophagosomes are transported to close vicinity with ly-
sosomes, to which they fuse through a mechanism that re-
quires the activity of small GTPases, especially RAB7 and
SNARE-like proteins. This fusion creates an autolysosome,
which degrades the contents of the original autophagosome
and macromolecular precursors are then recycled back to the
cytoplasm.
A large body of work over the past few years has linked

autophagy to cancer and cancer therapy (for recent reviews
see Kimmelman, 2011; White, 2012; and Lorin et al., 2013).
Three central questions must be considered regarding auto-
phagy and cancer therapy: should we try to inhibit or stim-
ulate autophagy to make cancer treatment better? Will
some people benefit from treatments that affect autophagy
and some not? And, if we are going to inhibit or stimulate
autophagy, what is the best way to do so? Answers to these
questions are urgently needed because we are already
manipulating autophagy in cancer patients. Most of this
manipulation is inadvertent—as discussed below, almost all
cancer therapies can affect autophagy to some degree, most
likely in both tumor and normal cells. However, there are also
more than three dozen ongoing clinical trials listed on the
ClinicalTrials.gov Web site where autophagy is being deliber-
ately manipulated in cancer patients. In all cases so far, these
trials are trying to inhibit autophagy, and the results of the
first five phase I human cancer trials as well as a phase I
clinical trial in canine cancer patients from our group will
be reported soon. In this review, we discuss some recent
discoveries and ideas about the roles of autophagy in cancer
therapy in an attempt to answer the questions posed above
and identify some of the important issues and problems that
still need to be better addressed.

Cancer Therapy Effects on Autophagy: Inhibition
and Activation

Many cancer drugs as well as ionizing radiation affect
autophagy (Levy and Thorburn, 2011). In most cases, treat-
ment increases autophagy. For example, in a screen of 80
cytotoxic anticancer agents that caused high levels of auto-
phagosome accumulation, 21 induced higher numbers of au-
tophagosomes but not increased autophagic flux (i.e., these
agents most likely block autophagy by inhibiting fusion with
the lysosome), whereas 59 induced both autophagosome for-
mation and flux and, thus, truly increased autophagy (Shen
et al., 2011). To add confusion, some agents can both increase
the formation of autophagosomes and block their fusion with
lysosomes (Köchl et al., 2006; Ganley et al., 2011).
Diverse classes of anticancer drugs including DNA damag-

ing agents, microtubule-targeted drugs, antimetabolites, death
receptor agonists, hormonal agents, antiangiogenic agents,
proteasome inhibitors, histone deacetylase inhibitors, and
kinase inhibitors have all been shown to affect autophagy.
Indeed, as yet there are no known classes of anticancer agents
that have been clearly demonstrated not to affect autophagy.
Somewhat surprisingly, in many cases the molecular mech-
anisms that underlie the effects of these drugs on autophagy
are still unclear; however, we do know that different direct
and indirect mechanisms apply.
Microtubule inhibitors often block autophagy (Shen et al.,

2011). Although autophagosomes are formed throughout the
cytoplasm, lysosomes tend to be localized around the nucleus
and autophagosomes use the microtubule network to migrate
to lysosomes, so disruption of the microtubule dynamics by
drugs like vinblastine prevent autophagosome fusion with the
lysosome (Köchl et al., 2006). Drugs like chloroquine (CQ) and
hydroxychloroquine (HCQ), the agents currently used deliber-
ately to inhibit autophagy in active clinical trials (Amaravadi
et al., 2011), are weak bases that accumulate in the lyso-
somes causing a rise in lysosomal pH and preventing fusion with
autophagosomes. CQ accumulation in lysosomes can also lead to
inhibition of mTORC1, leading to induction of genes by the
transcription factor TFEB that stimulates lysosomal biogenesis
and autophagy (Settembre et al., 2012). Thus, CQ can poten-
tially both inhibit and stimulate autophagy simultaneously.
For the more common case whereby anticancer drugs induce

autophagy, different mechanisms apply: some that directly
affect the core autophagy machinery and others that regulate
autophagy indirectly. Perhaps the best example of anticancer
agents that directly affect the core machinery comes from
mTOR inhibitors, such as rapamycin, temsirolimus, or similar
inhibitors. These drugs induce autophagy by directly inhibiting
mTORC1, which is a core negative regulator of the autophagy
machinery. This is an example whereby a critical pathway
upstream of the core autophagy machinery is targeted by
cancer drugs. Other drugs directly target the core autophagy
machinery itself. A good example comes from agents, such as
ABT737 (4-[4-[[2-(4-chlorophenyl)phenyl]methyl]piperazin-
1-yl]-N-[4-[[(2R)-4-(dimethylamino)-1-phenylsulfanylbutan-2-yl]
amino]-3-nitrophenyl] sulfonylbenzamide) and similar drugs,
that were designed to inhibit Bcl-2 family proteins by acting
as BH3 mimetics (Oltersdorf et al., 2005). These drugs were
originally developed to induce apoptosis by inhibiting anti-
apoptotic proteins, such as Bcl-2, at the mitochondria to control
release of cytochrome c and other mitochondrial proteins that
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regulate apoptosis. However, Bcl-2 also controls autophagy by
directly targeting the BECN1 complex that is required for
initiating autophagosome formation (Pattingre et al., 2005),
and the BH3 mimetics disrupt the interaction between Bcl-2
and BECN1 to induce autophagy (Maiuri et al., 2007). Direct
regulation of the BECN1 complex is also responsible for
autophagy induction by tyrosine kinase inhibitors, such as
erlotinib, that target the epidermal growth factor receptor
(EGFR) (Wei et al., 2013). The underlying mechanism in this
case involves inhibition of direct phosphorylation of BECN1
by EGFR that changes the BECN1 interactome to switch it
from an autophagy-inhibiting to an autophagy-inducing state.
For other cancer drugs that induce autophagy, we have a less
clear idea how autophagy is regulated. For example, different
kinds of DNA damaging agents activate autophagy, but it is
quite unclear how they do so. This is important because better
understanding of how different kinds of anticancer agents can
induce autophagy may provide a way to selectively interfere
with drug-induced autophagy; this might allow selective in-
hibition of the autophagy that limits anticancer drug action
rather than general autophagy.

Effects of Autophagy on Cancer Therapy: Both
Positive and Negative

There have been numerous studies addressing how autophagy
affects cancer therapeutics (Tables 1 and 2). Many recent
studies have concluded that the role of autophagy is primarily

protective and have suggested that autophagy induction is
a mechanism of chemoresistance (Levy and Thorburn, 2011;
Maycotte and Thorburn, 2011). This is the underlying basis
for the ongoing clinical trials where autophagy is being
deliberately targeted; they attempt to inhibit autophagy as
part of a combination therapy strategy with other cancer
drugs. However, there is no blanket agreement on this. In
many cases it has also been concluded that the opposite holds,
i.e., that autophagy is not protective but is actually necessary
for the antitumor effect of the drug that is being tested and
consequently inhibition of autophagy reduces tumor cell
death and increases tumor growth after drug treatment. For
example, a recent paper concluded that EGFR inhibition by
drugs like erlotinib (a standard therapy in EGFR-mutant
lung cancer) requires autophagy to be induced to maximize
inhibition of lung tumor growth (Wei et al., 2013). Obviously,
such conflicting results create a problem, because the im-
plications for whether interventions should be designed to
stimulate or inhibit autophagy are also in conflict. For,
example, a terminated clinical trial (NCT01026844) and an
active clinical trial as of the time of writing (NCT00809237)
both propose to use EGFR inhibitors with the autophagy
inhibitor HCQ in nonsmall cell lung cancer. If recent conclu-
sions about EGFR regulation of autophagy (Wei et al., 2013)
are correct, this approach might be counterproductive.
An informative example comes from consideration of ta-

moxifen, which is an antiestrogen that is a standard therapy
for estrogen receptor positive breast cancer. Although a

TABLE 1
Summary of studies showing enhanced response of cytotoxic chemotherapy in combination with pharmacologic inhibition of autophagy

Therapeutic
Agent Model Autophagy

Inhibition Response Reference

Temozolomide Human malignant glioma cell lines 3-Methyladenine Decreased cytotoxicity Kanzawa et al., 2004
Bafilomycin A Increased cytotoxicity

Cyclophosphamide Murine Myc-induced lymphoma cancer Chloroquine Increased antitumor
response

Amaravadi
et al., 2007

5-Fluorouracil Human colon cancer cell lines 3-Methyladenine Increased apoptosis Li et al., 2009
5-Fluorouracil Human colon cancer cell lines and xenograft Increased cytotoxicity Li et al., 2010
5-Fluorouracil Human colon cancer cell line (HT29) Chloroquine Increased cytotoxicity Sasaki et al., 2010
5-Fluorouracil Human hepatic carcinoma cell lines 3-Methyladenine Increased apoptosis Guo et al., 2012
5-Fluorouracil Murine colon cancer cell line and

tumor xenograft
Chloroquine Increased apoptosis Sasaki et al., 2012

5-Fluorouracil Human NSCLC cell line (A549) 3-Methyladenine Increased apoptosis Pan et al., 2013
Cisplatin Esophageal SSC cell line (EC9706) 3-Methyladenine Increased apoptosis Liu et al., 2011a
Cisplatin Human cholangiocarcinoma cell lines 3-Methyladenine Increased cytotoxicity Hou et al., 2011

Wortmannin
Cisplatin Human cervical cancer cell line (HeLa) 3-Methyladenine Increased apoptosis Xu et al., 2012

Chloroquine
Cisplatin Human hepatic carcinoma cell lines 3-Methyladenine Increased apoptosis Guo et al., 2012
Cisplatin Laryngeal cancer cells (Hep-2) 3-Methyladenine Increased apoptosis Kang et al., 2012
Cisplatin Human NSLC cell line (A549) 3-Methyladenine Increased apoptosis Liu et al., 2013
Oxaliplatin Human colon cancer cell lines and xenograft Chloroquine Increased cytotoxicity

and tumor control
Selvakumaran

et al., 2013
Paclitaxel Human NSLC cell line (A549) 3-Methyladenine Increased apoptosis Liu et al., 2013
Etoposide Human hepatocellular carcinoma cell

line (HepG2)
3-Methyladenine Increased cytotoxicity Xie et al., 2011

Doxorubicin Human multiple myeloma cell lines, patient-
derived multiple myeloma cells, human
plasmacytoma xenograft

Hydroxychloroquine Increased apoptosis Pan et al., 2011
3-Methyladenine

Epirubicin Human breast cancer cell line (MCF7) Bafilomycin A Increased apoptosis Sun et al., 2011
Melphalan Human multiple myeloma cell lines, patient-

derived multiple myeloma cells, human
plasmacytoma xenograft

Hydroxychloroquine Increased apoptosis Pan et al., 2011
3-Methyladenine

Topotecan Human NSLC cell line (A549) Chloroquine Increased cytotoxicity Wang et al., 2011
Camptothecin Human breast cancer cell lines Wortmannin Increased apoptosis in

selective cell lines
Abedin et al., 2007

3-Methlyadenine
Bafilomycin A
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highly effective drug, tamoxifen resistance is common, and
the mechanism of such resistance is a major area of scientific
interest. There are several studies in the literature that
examine autophagy in the context of tamoxifen treatment;
however, despite this there is no clear picture of the role of
autophagy in the context of tamoxifen treatment. The first
study about tamoxifen and autophagy concluded that
tamoxifen-induced death of MCF7 breast cancer cells was
due to autophagy (Bursch et al., 1996). Over the years,
numerous other studies have confirmed that tamoxifen does
increase autophagy. They have not, however, agreed on
whether that autophagy is exerting a cytotoxic or protective
effect. Some papers demonstrate that autophagy is required
for tamoxifen resistance (Qadir et al., 2008; Samaddar et al.,
2008; Cook et al., 2012), i.e., autophagy protects breast cancer
cells; however, another study examining tamoxifen resistance
mechanisms (also in MCF7 cells) performed a high through-
put screen for kinases that confer resistance to tamoxifen in
sensitive MCF7 cells. This identified a kinase called HSPB8
and showed that its ability to protect against tamoxifen-
induced death was associated with its ability to induce
autophagy (Gonzalez-Malerva et al., 2011). The conclusion
from this latter study was that tamoxifen resistance could be
overcome by increasing autophagy. Thus, there seems general
agreement that tamoxifen increases autophagy inMCF7 cells,
but in some studies tamoxifen resistance is caused by in-
creased autophagy and in others it is overcome by increased
autophagy. A recent paper concluded that tamoxifen-induced
autophagy kills cancer cells because of autophagic degrada-
tion of Kirsten rat sarcoma viral oncogene homolog (k-RAS)

but added that this occurs independent of the estrogen
receptor (Kohli et al., 2013). Clearly these incompatible
conclusions add little to help determine whether autophagy
inhibitors or autophagy enhancers should be investigated in
breast cancer patients treated with tamoxifen.
These conflicting conclusions are puzzling. How can the

same process kill or protect tumor cells? And what explains
the differences between results? A recent study (Gump et al.,
2014) provides a precedent (and a molecular explanation) for
opposing effects on tumor cell survival for the same stimulus
in different contexts. In this study, our group examined
autophagy in response to death receptor agonists, Fas Ligand
(FasL), and tumor necrosis like apoptosis-inducing ligand
(TRAIL). Both these canonical apoptosis inducers are rele-
vant for cancer therapy. TRAIL receptor agonists are being
tested as anticancer agents (Dimberg et al., 2013), and
although FasL cannot be administered systemically as
a cancer therapeutic, other anticancer agents work, in part
through activation of Fas/CD95-dependent signaling (Park
et al., 2008; Hamed et al., 2013), and targeting of Fas/CD95
agonists to tumor cells by various means has been proposed as
a way to selectively kill tumor cells (for a recent review, see
Villa-Morales and Fernández-Piqueras, 2012). In our recent
study (Gump et al., 2014), we found that autophagy variation
in a population of tumor cells predicts which cells will live and
which will die when Fas or TRAIL receptors are activated.
Surprisingly, however, in the same population of cells, high
autophagy caused increased sensitivity to Fas-induced apo-
ptosis but reduced sensitivity to TRAIL-induced apoptosis.
Moreover, this effect whereby autophagy promotes Fas-induced

TABLE 2
Summary of studies combining molecularly targeted agents with pharmacologic inhibition of autophagy

Therapeutic Agent Model Autophagy
Inhibition Response Reference

Imatinib Human glioma cell lines 3-Methyladenine Decreased cytotoxicity Shingu et al., 2009
Bafilomycin A Increased cytotoxicity

Imatinib Human Philadelphia chromosome positive
CML cells

Chloroquine Increased cytotoxicity Bellodi et al., 2009

HDACi/vorinostat Human colon cancer cells and xenografts Chloroquine Increased cytotoxicity Carew et al., 2010
Decreased growth

HDACi/panobinostat Human triple negative breast cancer cells
and xenografts

Chloroquine Increased cytotoxicity Rao et al., 2012
Decreased tumor growth

HDACi/SAHA Human CML cell lines and primary CML cells Chloroquine Increased cytotoxicity Carew et al., 2007
HDACi/valproic acid Human t(8;21) acute myeloid leukemia cells Chloroquine Increased cytotoxicity Torgersen et al., 2013
HSP90i/DMAG Human multiple myeloma cell lines 3-Methyladenine Increased cytotoxicity Palacios et al., 2010
Erlotinib Human glioblastoma cell lines Chloroquine Increased cytotoxicity Eimer et al., 2011
Sorafenib Human hepatocellular carcinoma cell lines

and xenografts
Chloroquine Increased cytotoxicity and

decreased tumor growth
Shi et al., 2011

3-Methyladenine
Sorafenib Human hepatocellular carcinoma cell lines

and xenografts
Chloroquine Increased cytotoxicity and

decreased tumor growth
Shimizu et al., 2012

Sunitinib Rat PC12 cells Ammonium
chloride

Increased cytotoxicity Ikeda et al., 2013

AKTi/AZD5363 Human prostate cancer cell lines and
xenograft

3-Methyladenine Increased cytotoxicity and
decreased tumor growth

Lamoureux et al., 2013
Chloroquine
Bafilomycin A

METi/PHA665752
and EMD1214063

Human gastric adenocarcinoma cell line 3-Methyladenine Increased cytotoxicity Humbert et al., 2013

Vandetanib Human glioblastoma cell lines and xenograft 3-Methyladenine Increased cytotoxicity and
decreased tumor growth

Shen et al., 2013
Chloroquine

Bevacizumab Human hepatocellular carcinoma xenografts Chloroquine Decreased tumor growth Guo et al., 2013b
Bortezomib Human multiple myeloma cell line (U266) 3-Methyladenine Decreased cytotoxicity Kawaguchi et al., 2011

Bafilomycin A Increased cytotoxicity
Bortezomib Human hepatocellular carcinoma cell

lines and xenografts
Chloroquine Increased apoptosis Hui et al., 2012

AKTi, AKT inhibitor; AZD5363, (S)-4-amino-N-(1-(4-chlorophenyl)-3-hydroxypropyl)-1-(7H-pyrrolo[2,3-d]pyrimidin-4-yl)piperidine-4-carboxamide; EMD1214063, 3-[1,6-dihydro-
1-[[3-[5-[(1-methyl-4-piperidinyl)methoxy]-2-pyrimidinyl]phenyl]methyl]-6-oxo-3-pyridazinyl]benzonitrile; HDACi, histone deacetylase inhibitor; PHA665752, (2R)-1-[[5-[(Z)-[5-
[[(2,6-dichlorophenyl)methyl]sulfonyl]-1,2-dihydro-2-oxo-3H-indol-3-ylidene]methyl]-2,4-dimethyl-1H-pyrrol-3-yl]carbonyl]-2-(1-pyrrolidinylmethyl)pyrrolidine.
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apoptosis was cell type–specific. In some cells, autophagy
promoted Fas-induced apoptosis, whereas in others it inhibited
Fas-induced apoptosis. The molecular explanation is that a cell
type–specific negative regulator of Fas-induced apoptosis (the
protein phosphatase PTPN13, also known as FAP1, which does
not affect TRAIL receptor signaling) was degraded by selective
autophagy, and this was necessary and sufficient to explain the
proapoptotic effect only in some tumor cells. Thus, autophagy
can have opposing effects on two very similar death stimuli
(FasL and TRAIL), even in the same cells treated at the
same time. Furthermore, it can also have opposing effects on
apoptosis by the same stimulus in different cells. This is due
to selective degradation of a protein that regulates a specific
apoptosis pathway.
It is possible that similar cell type and stimulus-specific

mechanisms underlie at least some of the conflicting con-
clusions regarding whether autophagy promotes or inhibits
killing by anticancer agents in different contexts—even
different results in the same cell line such as is seen with
MCF7 cells treated with tamoxifen could be due to differences
between different strains of the same tumor cell line that
arose during selection for acquired resistance. If this is the
case, then it will be important to have both a very good
understanding of the underlying mechanisms by which a drug
kills cancer cells and also effective biomarkers to identify
different responses if we aim to manipulate autophagy during
cancer treatment to boost the effect of any given drug.
The mechanism whereby autophagy was shown to promote

FasL but not TRAIL-induced tumor cell killing involved
degradation of a specific autophagy target. This makes sense
because autophagy degrades cellular material, and in this
case it degraded a negative regulator of a signaling pathway
to cause better activation of that pathway. However, we more
commonly think of autophagy as protecting cells and its
inhibition as leading to increased apoptosis. Perhaps surpris-
ingly, similar molecular mechanisms whereby autophagy
protects against apoptosis are unclear, i.e., we have little
evidence of specific autophagy cargos whose degradation can
explain why autophagy inhibition would promote tumor cell
killing (Yonekawa and Thorburn, 2013). One example is
specific to TRAIL-induced death, where it has been shown
that autophagy can degrade activated caspase-8 to limit
activation of the TRAIL apoptosis pathway (Hou et al., 2010).
However, most apoptotic stimuli do not require caspase-8, so
there presumably may exist other, more general, mechanisms
by which autophagic degradation of specific cargos that
themselves are positive regulators of apoptosis would reduce
the efficiency of the core apoptosis machinery. An important
implication of this is that, as with the FasL effects described
above, these mechanisms may apply to some death stimuli
but not others. The death-promoting effects of autophagy
inhibition may also have nothing to do with preventing
autophagy from degrading a positive regulator but instead
may be due to a toxic effect of arresting the autophagy process
and accumulating autophagosomes that do not fuse with
lysosomes (Tang et al., 2012). It is not obvious why accumu-
lation of autophagosomes would be toxic. One potential ex-
planation is that the autophagosomal membrane can serve as
a scaffold upon which dimerization and activation of caspase-8
takes place to promote apoptosis (Young et al., 2012); increased
numbers of autophagosomes would presumably make this type
of event easier.

Proapoptotic effects of autophagy can occur in a stimulus-
specific manner. For example, a series of studies from the
Dent laboratory have examined effects of the multikinase
inhibitor sorafenib in combination with other drugs and found
that in some cases autophagy was protective but in others
a toxic form of autophagy was induced (Walker et al., 2009;
Bareford et al., 2011, 2012).

Cell Autonomous and Nonautonomous Effects of
Autophagy on Cancer Therapy

The mechanisms discussed above assume that the impor-
tant effects of autophagy in terms of determining the response
to cancer therapy are cell autonomous. That is, more or less
autophagy in the tumor cell determines the likelihood of that
cell living or dying and thus affecting the success or failure of
a therapy intended to reduce tumor growth. However, in a
real tumor, each cell does not behave autonomously; neigh-
boring cells, both tumor cells and normal cells in the tumor
microenvironment, have profound effects on tumor behavior
and response to therapy.
A number of studies show that autophagy regulates the

ability of cells to release signaling molecules. For example, we
found that autophagy in tumor cells controls whether a dying
cell releases HMGB1 (Thorburn et al., 2009). Extracellular
HMGB1 can itself regulate autophagy through its receptor
RAGE as well as through intracellular signaling (Tang et al.,
2010a,b), and this can, in turn, affect chemotherapy resis-
tance (Liu et al., 2011b). Thus, autophagy or lack of autophagy
in one tumor cell could potentially affect the behavior of other
tumor cells that are responding to the autophagy-dependent
release of HMGB1. HMGB1 may also determine the response
of the immune system to dying cells and affect cell growth
and metastasis (Ellerman et al., 2007); thus, modulation of
autophagy leading to altered release of HMGB1 or similar
proteins could affect growth of neighboring tumor cells. Other
signaling molecules that affect growth, survival, and invasion,
such as interleukin (IL)-6, can also be secreted through
autophagy-dependent mechanisms (Young et al., 2009), and
IL-1b is released by a noncanonical secretory pathway that
requires the autophagy machinery (Dupont et al., 2011).
Thus, we are just starting to realize that autophagy can affect
how cells signal to each other by controlling secretion of what
might be a wide spectrum of signaling molecules that could
affect the behavior of neighboring cells.
These autophagy-dependent effects on secretion can have

a profound effect on cancer treatment by affecting how other
tumor cells respond to the dying cells. The best understood
case involves whether dying tumor cells undergo immuno-
genic or nonimmunogenic death. It seems unlikely that any
anticancer drug could work with 100% efficiency, i.e., to kill
every single cancer cell. It has been suggested that curative
cancer therapy requires not only that we find ways to kill as
many cancer cells as possible but that the dying cancer cells
also activate an antitumor immune response (Zitvogel et al.,
2008), raising the question of what governs whether a dying
cell is immunogenic or not (Tesniere et al., 2008). A number of
characteristics are required for immunogenic death, including
the exposure of calreticulin on the dying cells and release of
proteins like HMGB1 as well as ATP. Importantly, these
effects are also controlled by autophagy. It has been shown
that autophagy in dying cells is required for the release of
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ATP necessary for mounting an immune response to the dying
cell after treatment with cytotoxic chemotherapy (Michaud
et al., 2011). These autophagy-dependent effects can have
profound impact on the efficiency of cancer therapy. For
example, a recent study demonstrated that autophagy in-
hibition could radiosensitize in vitro and in vivo in immune-
deficient mice but autophagy inhibition led to reduced
response to ionizing radiation treatment in immune compe-
tent mice (Ko et al., 2014). This suggests that the requirement
for autophagy in dying cells to prime the immune system
overrides any benefit from greater cell-autonomous killing
activity caused by autophagy inhibition. The underlying
mechanism that is important here is autophagy-dependent
release of ATP because it was possible to rescue the im-
munogenic effect by inhibiting ATPase activity in the tumor to
raise extracellular ATP levels artificially. Autophagy also has
broader functions that affect antitumor immune responses;
for example, it is required for cross presentation of tumor
antigens in response to adjuvants, such as the vitamin E
derivative a-tocopheryloxyacetic acid, that are able to im-
prove antitumor immune responses (Li et al., 2012).
The important point is that although most effort so far has

been focused on developing and testing a rationale for inhib-
iting autophagy to increase autonomous tumor cell killing,
this may be stymied in the real world by inadvertently re-
ducing the effectiveness of other nontumor cell autonomous
effects through reduced ability to mount an effective immune
response to the tumor. This may be due to both less effective
antigen presentation and less effective stimulation of the
immune response from released immunogenic molecules. At
the same time, autophagy is also capable of regulating the
release of signaling proteins, such as IL-6 or HMGB1, which
mediate paracrine growth and invasion signals. It is not
obvious how the balance of these effects would affect the
outcome of treatment, and it seems quite likely that the
relative importance could vary in different contexts. A critical
practical problem is that these effects may not be observed by
many experimental studies, as dramatically demonstrated by
different overall effects on immune-deficient and immune-
competent mice (Michaud et al., 2011; Ko et al., 2014). This
means it will be important to determine what the most impor-
tant effects are likely to be if one wants to design rational
interventions where autophagy is manipulated in a therapeu-
tic context and to potentially develop more clinically relevant
preclinical cancer models for evaluating autophagy inhibition.
Notwithstanding the fact that one might fairly interpret all

the above as so confusing that it could be viewed as a
manifesto to do nothing when it comes to manipulation of
autophagy in cancer therapy, there are already some three
dozen clinical trials where deliberate attempts to inhibit au-
tophagy (in all cases so far this has been done with CQ or,
more commonly, HCQ) are being explored in combination with
a wide variety of other agents and in a broad spectrum of tumor
types. Given this situation, how canwemaximize the likelihood
that these interventions will be successful?

Are We Using the Best Drugs to Inhibit
Autophagy?

The first thing to consider is that the drugs we are using to
block autophagy are probably not optimal. HCQ and CQ are

being used for these purposes because they are approved,
relatively safe, and inexpensive. CQ and HCQ both work to
inhibit autophagy by inhibiting lysosomal function, but they
also do other things as well. Indeed, it has been demonstrated
that chemosensitization by CQ can occur by autophagy-
independent mechanisms as well as through autophagy in-
hibition (Maycotte et al., 2012), and the overall effectiveness
of CQ-based autophagy inhibition in preclinical studies has
been quite variable (Bristol et al., 2013). Thus, there is great
interest in developing more effective autophagy inhibitors.
Such agents have been shown to be more effective autophagy
inhibitors and more effective antitumor agents (McAfee et al.,
2012). In the meantime, the first clinical trials with the
currently available drugs (i.e., HCQ) will be reported soon.
Our group recently completed a phase I study of HCQ and
doxorubicin in dogs with spontaneous non-Hodgkin’s lym-
phoma (Barnard RA,Wittenburg LA, Amaravadi RK, Gustafson
DL, Thorburn A, and Thamm DH, submitted manuscript).
This study indicated that autophagy can indeed be blocked by
HCQ treatment in cancer patients and provided evidence that
this inhibition could be beneficial in terms of clinical response.
However, important limitations to HCQ-based therapies were
identified. For example, we found that although HCQ ac-
cumulated in tumor tissue, the concentration of the drug in
the tumor was not related to levels in the blood and inhibition
of autophagy (e.g., as determined by increased levels of LC3-II
or the autophagy substrate p62/SQSTM in cells) in blood cells
did not necessarily correlate with autophagy inhibition in
tumor tissue. These data strengthen the idea that we need
better autophagy inhibitors, particularly those with better
biodistribution and ability to target tumor tissues if we are to
be successful in targeting autophagy in cancer patients, and
further call into question the utility of nontumor surrogates
like blood cells for evaluating pharmacokinetic and pharma-
codynamic endpoints.

How Will We Know If We Have Affected
Autophagy in a Patient’s Tumor?

Another problem when we consider the realities of treating
patients and determining how autophagy affects their response
to treatment relates to what we should measure to know if
autophagy is indeed being blocked (or stimulated) in vivo.
Autophagy is by nature a dynamic process—autophagosomes
are formed, engulf cargo either specifically or nonspecifically,
then fuse with lysosomes, and the contents along with auto-
phagosome markers like LC3-II are degraded and recycled. A
major problem for the field is that although we now have
methods to measure this dynamic process in vitro, we have
very poor ways to assess this dynamism in a living organism
(especially a human). One common misunderstanding in the
literature even for in vitro studies comes from the fact that
increased numbers of autophagosomes, e.g., as determined by
counting LC3 foci in a cell, could mean that autophagy is
increased (i.e., more atophagosomes are being made) or that it
is being decreased (i.e., fewer autophagosomes are fusing with
lysosomes). In a tissue culture dish, we can rigorously dis-
criminate between these possibilities by deliberately blocking
fusion with lysosomes and monitoring an increase in LC3-II
levels or foci. Alternatively, we can use techniques like the
tandem tagged mCherry-GFP-LC3 molecule and analysis of
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the ratio of red to green fluorescence in both living and fixed
cells (Gump et al., 2014). Unfortunately, these approaches are
not feasible in a cancer patient, making it inherently difficult
to determine if an intervention affected autophagy or not.
Approaches that are feasible with, for example, a posttreat-
ment biopsy sample are immunohistochemical staining, e.g.,
for LC3 puncta (Ladoire et al., 2012) or for a known autophagy
cargo protein like p62/SQSTM. Additionally, one can use
electron microscopy to assess autophagosomes and autolyso-
somes in tumor tissue. As noted above, these assays are not
optimal—for example, LC3 levels or foci numbers are not
a good way of determining whether autophagy has been
inhibited. One might imagine that analysis of the level of an
autophagy cargo, such as p62/SQSTM, would be a better test
of whether autophagy was increased or decreased. However,
a problem here is that, although p62 protein levels are indeed
regulated by autophagy, its transcription is also controlled by
diverse stimuli especially reactive oxygen species, which
means that one must perform rigorous controls to definitively
use p62 levels as an indicator of autophagy levels (Bjørkøy
et al., 2009). Obviously such approaches are, like the optimal
analysis of LC3, not feasible in human tissues. We need better
ways to monitor the amount of autophagy and autophagic flux
in animals and especially in humans so that we can develop
useful pharmacodynamic markers for clinical studies of auto-
phagy manipulation.

Some Tumors Are More Dependent on
Autophagy than Others

Autophagy is more important for some tumor cells than for
others. This idea has been called “autophagy addiction” (Guo
et al., 2011) and identifies autophagy as a novel therapeutic
target for some tumors while raising the question, which
ones? The Debnath (Lock et al., 2011), White (Guo et al.,
2011), and Kimmelman (Yang et al., 2011) laboratories
reported that mutant RAS leads to higher autophagy that
promotes efficient metabolism to support tumor cell growth,
particularly under stressful conditions as found in many
tumors. This suggests that RAS mutation or activation of the
RAS pathway might identify tumors where autophagy in-
hibition would be useful (Mancias and Kimmelman, 2011).
Supporting this idea, two recent studies show that genetic
inhibition of autophagy in vivo has profound effects on lung
tumors driven by mutant RAS (Guo et al., 2013a) and v-raf
murine sarcoma viral oncogene homolog B (BRAF) (Strohecker
et al., 2013). Importantly, these studies also show that ATG7
knockout results in accumulation of defective mitochondria,
reduces tumor burden, and interestingly, changes the
histotype of tumor that develops from adenocarcinomas to
a more benign oncocytoma. These data suggest that RAS
pathway–driven tumors may be a good choice for autophagy
inhibition therapy. However, it is unclear whether all tumor
cells with mutant RAS will respond to autophagy inhibition
therapy. In some cases RAS-driven autophagy appears to
limit tumor cell growth rather than promote it (Elgendy et al.,
2011), and in this situation, it would presumably be better to
promote rather than inhibit autophagy. Moreover a recent
paper from Kevin Ryan’s group studying k-RAS–driven
pancreas cancer found that genetic inhibition of autophagy
(by ATG5 or ATG7 knockout) inhibited tumor growth when

p53 is wild type but stimulated tumor growth in RAS mutant,
p53 null cells (Rosenfeldt et al., 2013). This work implies that
even for RAS-driven cancers in mice, the response to
autophagy inhibition is highly context dependent. It is also
unknown if tumor cells where the RAS pathway is not
mutated can also be autophagy addicted. Furthermore, we do
not know if autophagy-addicted versus nonaddicted tumor
cells respond better in terms of chemosensitization when
autophagy is inhibited, i.e., if tumor cells that rely more on
autophagy will also show increased chemosensitization to
other agents. However, although there is still much to learn
about differences between tumors in terms of autophagy
addiction, it seems clear that it is unlikely that all tumors will
behave exactly the same when autophagy is manipulated.
This implies that some people with cancer may benefit more
from autophagy manipulation/inhibition than others, and
a major effort will be to find ways to identify these patients. In
the various autophagy inhibition clinical trials that are on-
going just now, no strategy for patient selection is being
pursued.

Summary and Problems To Be Solved
Autophagy is affected by and also affects diverse cancer

therapies; however, these effects are not always the same—
indeed, they are often diametrically opposed. Sometimes
cancer therapeutics induce autophagy, and sometimes they
inhibit it. Sometimes autophagy protects tumor cells against
cancer therapy, and sometimes it is required for the therapy
to kill the cancer cell. However, we are starting to detect
patterns and are making rapid progress in understanding the
underlying molecular mechanisms that govern these effects.
This allows us to at least begin to develop rational approaches
to manipulate autophagy for clinical benefit. In our view, the
most important priorities just now for autophagy research as
it relates to cancer therapy are to find ways to identify which
tumors will be most effectively treated by autophagy ma-
nipulation (usually this will mean autophagy inhibition). Can
we develop biomarkers that will predict autophagy depen-
dency and addiction, and are these the best tumors to treat? Is
the RAS pathway the most important marker of such auto-
phagy addiction, or are some other tumor cells also dependent
on this process? How does the balance between pro- and
antitumorigenic effects of autophagy involving the immune
system and other tumor cell autonomous and nonautonomous
influences affect long-term outcomes of treatment? Addition-
ally, we need to determine which drugs will work best with
autophagy inhibition. Will drugs like the mTOR inhibitors
that directly activate autophagy be more sensitive to auto-
phagy inhibition than drugs that only affect autophagy in-
directly? Can we develop better drugs to inhibit autophagy?
And, can we work out better ways to measure their effects on
this process that can be applied in a clinical setting? As the
first clinical studies that are intended to deliberately target
autophagy in cancer treatment are completed and reported,
answers to these and related questions will be critical for
moving the field forward.
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