Autophagy, Stress, and Cancer Metabolism:
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Altered metabolism is a hallmark of cancer. Oncogenic events that lead to cancerous states reorganize metabolic pathways to
increase nutrient uptake, which promotes biosynthetic capabilities and cell-autonomous behavior. Increased biosynthesis
dictates metabolic demand for ATP, building blocks, and reducing equivalents, rendering cancer cells metabolically in a
perpetually hungry state. Moreover, most chemotherapy agents induce acute metabolic stress that cancer cells must overcome
for their survival. These metabolic stress cues in cancer cells can activate and cause dependence on the self-cannibalization
mechanism of macroautophagy (autophagy hereafter) for the lysosomal turnover and recycling of organelles and proteins for
energy and stress survival. For example, activating mutations in Ras or Ras-effector pathways induce autophagy, and cancer
cell lines with Ras activation show elevated levels of basal autophagy that is essential for starvation survival and tumor growth.
The metabolic implications of this are profound and multifaceted. First, autophagy-mediated degradation and recycling of
cellular substrates can support metabolism and promote survival and tumor growth. Second, acute autophagy activation in
response to cancer therapy can potentially lead to refractory tumors resistant to conventional chemotherapy. For example, a
specific form of autophagy that targets mitochondria (mitophagy) may also function to promote cell survival by the clearance
of damaged mitochondria that are potential sources of reactive oxygen species (ROS). These point to the possibility that
autophagy is a unique metabolic need, important for survival as well as therapy resistance in cancer cells. Targeting autophagy
in single-agent therapy to sensitize aggressive cancers that are dependent on autophagy for survival or in combination with
therapeutic agents that induce autophagy as a resistance mechanism may be an effective therapeutic strategy to treat cancer.

CANCER IS A METABOLIC DISEASE

Cancer cells harbor unique, growth-permissive genetic
alterations that deregulate the control of cell growth and
proliferation. However, accumulating evidence in recent
years also links these oncogenic lesions to altered cellular
metabolism, establishing a direct relationship between
the two. The phosphoinositide 3-kinase (PI3K) pathway,
the master regulator of cell growth and proliferation, is
one of the most commonly mutated oncogenic pathways
in human cancers. Deregulation of the downstream ki-
nase, the mammalian target of rapamycin (mTORC1),
directly or indirectly impacts metabolic functions such
as glycolysis, the pentose phosphate pathway (PPP),
mitochondrial metabolism, and lipid synthesis (Zoncu
et al. 2011). Importantly, mTORCI is the convergence
point of the two major oncogenic pathways under the
growth-factor-dependent activation of the receptor tyro-
sine kinases (RTKSs), the PI3K, and the mitogen activated
protein kinase (MAPK) pathways frequently altered in
human cancers.

Cancer cells harbor frequent activating mutations in
RTKs, in PI3K (p110a PI3K subunit, AKT, and PDK1),
and the MAPK (K-Ras, H-Ras, N-Ras, and B-Raf)

pathway components that positively regulate mTORCI1
signaling (Zoncu et al. 2011). Also common are loss-
of-function mutations in tumor suppressors such as phos-
phatase and tensin homolog (PTEN) mutated in chromo-
some 10, tuberous sclerosis complex (TSC1 and TSC2),
and neurofibromitosis (NF1 and NF2), all of which neg-
atively regulate mTORCI1 signaling (Zoncu et al. 2011).
Aberrant mTORCI1 signaling is detected at very high fre-
quencies among the most common human cancers
(Menon and Manning 2008). In addition, another com-
monly mutated tumor-suppressor gene, liver kinase Bl
(LKB1), is required for the activation of AMP kinase
(AMPK), an inhibitor of mTORCI in response to energy
stress, leading to constitutive activation of mTORCI
signaling (Shackelford and Shaw 2009). The unique me-
tabolism found in human cancers is, to a large extent, a
consequence of this deregulation of mTORCI and its
potential impact on the bioenergetic and anabolic de-
mands of rapidly proliferating cancer cells. Additionally,
Akt/PKB, an upstream regulator of mTORCI, promotes
glycolysis (through GLUT4 translocation to the plasma
membrane, hypoxia inducible factor [Hif-1a]-mediated
activation of the glucose transporter, GLUT1, and 6-phos-
phofructo-2-kinase ([PFK2] [Manning and Cantley 2007])
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and fatty acid synthesis (through phosphorylation of ATP
citrate lyase ([ACL] [Manning and Cantley 2007]). Acti-
vation of mTORCI also up-regulates glycolysis through
up-regulation of the oncogenic transcription factors Myc
and Hif-1a through expression of genes encoding glyco-
lytic enzymes (Iyer et al. 1998). mTORCI1 promotes the
Hif-1a-dependent up-regulation of GLUT1, hexokinase
isoforms HK1 and HK2 (catalyzing the initial step of
glycolysis), lactate dehydrogenase LDH1 (that promotes
conversion of pyruvate to lactate), and pyruvate dehydro-
genase kinase 1 (PDK1, which inhibits the conversion of
pyruvate to acetyl-coenzyme A [CoA] by inhibiting py-
ruvate dehydrogenase [PDH] [Semenza 2010a]), which
are predicted to compromise mitochondrial oxidative me-
tabolism in favor of glycolysis. However, mTORCI ap-
pears to have a more complex role in mitochondrial
metabolism because mMTORCI1 activation promotes mito-
chondrial biogenesis and oxidative metabolism in some
settings (Schieke et al. 2006; Cunningham et al. 2007)
and mitochondrial function is important for cancer cell
maintenance.

Biosynthetic needs of cancer cells are not limited to
carbon from glucose; they also require nitrogen, which is
provided by glutamine and other amino acids through ana-
plerotic reactions in the mitochondria, and transamination
reactions that take place in the cytosol. Thus, the Warburg
effect is insufficient to sustain the growth and proliferation
of cancers, which need a robust supply of reduced nitrogen
to produce nucleotides and nonessential amino acids. Glu-
tamine, the most abundant free amino acid in the serum,
aids in the transport of reduced nitrogen through the blood-
stream. Proliferating tumor cells also use carbon units
from glutamine to maintain pools of tricarboxylic acid
(TCA) cycle intermediates and its nitrogen to produce
nonessential amino acids, hexosamine, and nucleotides.
Consistently, concurrent aerobic glycolysis and oxidative
phosphorylation occur in experimental systems with acti-
vated oncogenes, with glutamine playing an important
role in oxidative phosphorylation and anaplerosis, espe-
cially when glucose is limiting. Recent findings suggest
that glutamine is also used to produce citrate for lipid syn-
thesis, via reductive carboxylation, in cancers with muta-
tional inactivation of the electron transport chain and
oxidative phosphorylation (Mullen et al. 2012), thus es-
tablishing the importance of glutamine and mitochondria
even in cancers with impaired oxidative phosphorylation.

Glutaminolysis can also provide nicotinamide adenine
dinucleotide phosphate-oxidase (NADPH), which is nec-
essary for lipid and nucleotide biosynthesis. mTORCI,
through the activation of c-myc, an oncogene highly ex-
pressed in several human cancers, up-regulates glutami-
nolysis and NADPH and glutathione (GSH) production
(Wise et al. 2008; Gao et al. 2009). Consistent with this
central role for mMTORC1 in mitochondrial metabolism,
inhibition of mMTORC1 by rapamycin reduces mitochon-
drial respiration (Ramanathan and Schreiber 2009), and
genetic ablation of mMTORCI in skeletal muscle impairs
mitochondrial function (Bentzinger et al. 2008), suggest-
ing a positive role for the mTOR pathway in mitochon-
drial metabolism.

Interaction of signaling cascades and cancer metabo-
lism is a two-way street, with one feeding the other. Mu-
tational alterations in cancer cells have the power to not
only change the regulatory state but to impose alterations
in the metabolic as well as the epigenetic state of cancer
cells. For example, in glioblastoma cells, missense muta-
tions in the metabolic enzyme isocitrate dehydrogenase
(IDH1/2) (Parsons et al. 2008; Yan et al. 2009) influence
the metabolic state of the cells by catalytically converting
a-ketoglutarate (a-KG) to the oncometabolite 2-hydroxy-
glutarate (2-HG) in an NADPH-dependent manner (Dang
et al. 2009). The consequences of such metabolic hijack-
ing are profound. Replacement of a-KG with 2-HG alters
the metabolic pathways that use a-KG as an essential
cofactor but are inhibited by 2-HG. Examples of these
are dioxygenase enzymes such as prolyl hydroxylases
involved in regulation of gene expression and metabolism
under hypoxia through regulation of Hif-1a (Bruick and
McKnight 2001; Epstein et al. 2001) and those involved
in histone demethylation (Hou and Yu 2010). The TCA
cycle enzymes, succinate dehydrogenase (SDH; also a
member of mitochondrial respiratory chain complex II)
and fumarate hydratase (FH) have important tumor sup-
pressor roles, and LOF mutations in these genes cause
aberrant accumulation in succinate and fumarate. Accu-
mulation in these TCA metabolites, as with 2-HG, leads
to inhibition of prolyl hydroxylases, stabilizing Hif-1c,
and constitutive activation of the hypoxia response, lead-
ing to transcriptional up-regulation of glycolysis, as ob-
served with von Hippel-Lindau (VHL) gene deletions
(Maxwell et al. 1999; Ohh et al. 2000). Indeed, mutations
in FH (Isaacs et al. 2005) and SDH (Pollard et al. 2005,
Frezza et al. 2011) are observed in renal cancers, para-
gangliomas, and pheochromocytomas. Additionally, mi-
tochondrial reactive oxygen species (ROS) generated
from complex III of the electron transport chain (ETC)
also regulate hypoxic activation of Hif-1a (Klimova and
Chandel 2008) and hypoxia-responsive gene expression.
Thus, the metabolic state of a cell can also control its
regulatory state, indicating a dynamic and reciprocal re-
lationship between the two.

CANCER CELLS ARE PERPETUALLY
NUTRIENT HUNGRY

One of the consequences of this reciprocal relationship
between metabolism and gene regulation is that oncogene
activation can lead to metabolic crisis and increased en-
ergy demand, altering gene expression. Cancer cell pro-
liferation is a metabolically expensive process. Increased
biosynthetic needs dictate high demand for ATP, building
blocks, and reducing equivalents, rendering cancer cells
nutritionally in a perpetually hungry state. Stress is also a
common feature of tumors, which have hypoxic regions
depleted in oxygen and probably also in growth factors
and nutrients (Folkman 2007). The nutritionally hungry
state of cancers in vivo can arise due to (1) increased need
for ATP and anabolic substrates for biosynthetic pro-
cesses and (2) inaccessibility to nutrients due to abnormal
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organization and structure in tumor vasculature, resulting
in decreased blood flow (Jain 1988), and focal leaks that
compromise the blood perfusion in tumors (Fukumura
etal. 2010). This heterogeneity in vasculature creates hyp-
oxic regions that are refractory to chemotherapy and in-
sensitive to radiation (Fukumura et al. 2010).

Under hypoxic conditions, mitochondrial complex I1I
acts as an oxygen sensor, releasing ROS into the cytosol
as signaling molecules that stabilize Hif-la to induce
hypoxic gene expression (Chandel et al. 2000; Klimova
and Chandel 2008), promoting nutrient uptake. Consis-
tent with this, cancer cells show high levels of Hif-1a
and Hif-2a (Zhong et al. 1999; Talks et al. 2000) and
increased sensitivity to nutrients and amino acids. Hyp-
oxic tumor cells activate the stress-survival pathway of
autophagy when subjected to stress in vitro and in tumors
in vivo (Degenhardt et al. 2006; Mathew et al. 2007b).
In support of this, we and other investigators have ob-
served that cancer cells with tumorigenic mutations
in Ras are energetically compromised under starvation
without autophagy to meet their bioenergetic needs.
Despite relatively high basal autophagy, Ras limits the
ability to induce further autophagy, which can compro-
mise stress adaptation (Guo et al. 2011; Yang et al. 2011).
Human cancer cells with high Ras expression also show
elevated basal autophagy, which is essential for starva-
tion survival under metabolic stress (Guo et al. 2011;
Lock et al. 2011). Thus, oncogene activation represents
a major mechanism for metabolic stress in cancers, which
in turn activates metabolic recycling and adaptation path-
ways that enable cellular nutrient uptake and survival.

METABOLIC STRESS INDUCES THE
CATABOLIC PATHWAY OF AUTOPHAGY,
ENABLING SURVIVAL

Autophagy is a self-cannibalization process robustly
activated in response to metabolic stress that targets and
recycles toxic intracellular cargo that includes damaged
proteins and organelles in the lysosomes (Mizushima
2010). Stress-responsive autophagy activation is tightly
coupled with nutrient availability under the regulation of
PI3K and AMPK pathways, the two major energy-sensing
pathways of the cell. Induction of autophagy requires ac-
tivation of the Unc-51-like kinase (ULK) complex (ULK1
and ULK2, Atgl3, and the focal adhesion kinase family
interacting protein, FIP200) (Hosokawa et al. 2009) that
initiates the formation of preautophagosomal structures
(PAS) called phagophores. Under nutrient-replete con-
ditions, mTORCI1 is activated, which keeps autophagy
suppressed through inactivation of the ULK complex, pre-
venting the nucleation of phagophores (Hosokawa et al.
2009). Nutrient signals also activate the Ras/MAPK path-
way, which phosphorylates LKB1, inhibiting its ability to
bind and activate AMPK, a starvation sensor and autoph-
agy activator (Zheng et al. 2009). Under metabolic stress,
mTORCI kinase activity is inhibited, de-repressing the
ULK complex, leading to its activation and autophagy
induction (Neufeld 2010). A simultaneous increase in
the AMP/ATP ratio leads to the activation of AMPK by

the LKB1/STRAD/MO25 complex (Kuma and Mizush-
ima 2010; Neufeld 2010), which activates autophagy
by ULKI1 phosphorylation (Egan et al. 2011), as well
as through inhibition of mTORC1 (Gwinn et al. 2008).
These pathways integrate the coordinated regulation
of growth control signals with nutrient availability and
catabolism. Although starvation-induced autophagy is
mainly regulated by mTORCI signaling, autophagy is
also regulated through mTORCI-independent mecha-
nisms. For example, ammonia derived from glutaminol-
ysis induces autophagy in an mTORC1 (Eng et al. 2010)
and ULK1/2 (Cheong et al. 2011) independent manner.
The primary role of autophagy is promoting stress ad-
aptation and starvation survival, which is well established
by elegant observations in multiple organism and genetic
backgrounds. Yeast cells defective for autophagy fail to
survive starvation and show signs of amino acid depletion
and defects in energy metabolism (Onodera and Ohsumi
2005; Suzuki et al. 2011). Similarly, in mammalian sys-
tems, impaired autophagy owing to deficiency in essential
autophagy genes atg3, atg5, atg7, or beclinl impairs
stress survival (Mizushima and Komatsu 2011). Newborn
pups with maternally inherited autophagy proteins, but
deficient for atg), atg7, and atg3, fail to survive neonatal
starvation and display signs of bioenergetic impairment
(Kuma et al. 2004; Komatsu et al. 2005; Sou et al. 2008).
Autophagy also plays an important role in tumor cell sur-
vival to metabolic stress in vitro as well as in tumors in
vivo. In response to acute starvation, cancer cells robustly
induce autophagy, which is required for their survival of
metabolic stress (Lum et al. 2005; Degenhardt et al. 2006;
Karantza-Wadsworth et al. 2007; Mathew et al. 2007b).
During prolonged metabolic stress, autophagy-competent
tumor cells use autophagy to maintain a state of dormancy
during which they are viable and capable of resuming
proliferation upon restoration of nutrients (Degenhardt
et al. 2006; Mathew et al. 2007a). Defects in essential
autophagy genes impair this ability and autophagy-defec-
tive cells fail to survive metabolic stress, underscoring the
importance of autophagy in this setting. Autophagy is also
activated in tumor cells in vivo, where it colocalizes to
regions of metabolic stress, suggesting that autophagy is
activated in tumors as a protective mechanism against
metabolic deficiency (Degenhardt et al. 2006).

ONCOGENE ACTIVATION CAUSES
DEPENDENCE ON AUTOPHAGY FOR
TUMOR CELL SURVIVAL

Oncogenic events that drive cell proliferation rewire
cellular metabolism and, in doing so, create profound
metabolic stress owing to metabolic reprogramming and
elevated metabolic demand. Aggressive tumors that
harbor such mutations also show signs of this demand
by robustly activating autophagy to deal with this meta-
bolic crisis. This is consistent with elevated basal autoph-
agy and mitophagy (a specific form of autophagy that
targets mitochondria), even under normal culture condi-
tions, observed in tumor cells with activating mutations
in Ras or Ras-effector pathways. Defects in autophagy
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compromise survival of these cells in starvation and
block tumor growth in allograft models (Guo et al.
2011), indicating that these cells are addicted to autoph-
agy for their survival under stress.

Autophagy is similarly activated and is required for
Ras-driven pancreatic cancers (Yang et al. 2011) and
BCR-Abl-mediated leukemogenesis (Altman et al. 2011).
Human cancer cell lines with endogenous K-Ras muta-
tions activate autophagy upon extracellular matrix (ECM)
detachment, which protects them from detachment-in-
duced cell death (anoikis) (Fung et al. 2008). The possi-
bility that oncogene activation and ensuing metabolic
stress cues in cancer cells can activate and cause depen-
dence on autophagy for energy and stress survival has
raised interesting questions. For example, how does Ras
promote autophagy addiction? One possibility is that Ras
activates autophagy by direct (Kalas et al. 2011) or indi-
rect Hif-1a-mediated activation of BNIP3, an inducer of
autophagy. Additionally, it is also possible that increased
glutaminolysis and ammonia production triggers autoph-
agy induction under these conditions (Eng et al. 2010).
The autophagy-mediated stress response mechanism may
be particularly important in cancer cells to limit cell death
and tissue inflammation, to recycle toxic damaged pro-
teins and organelles, and to provide energy and metabolic
substrates. Autophagy also triggers clearance of damaged
mitochondria (mitophagy), which are potential sources of
ROS involved in activation of cell death via ROS-induced
necrosis (Pourova et al. 2010). Understanding the mech-
anism for autophagy addiction will assist in our efforts to
therapeutically target this important survival mechanism
exploited by cancer cells.

TOWARD A MECHANISM
FOR AUTOPHAGY ADDICTION:
AUTOPHAGY SUPPORTS METABOLISM

The reason why cancer cells promote autophagy basal-
ly and under pharmacologically induced stress is largely
speculative at this juncture. The exact mechanism of
autophagy addiction probably involves more than one
process, but autophagy-mediated recycling of macromol-
ecules and organelles to fuel mitochondrial metabolism
under starvation is the most compelling possibility. This
stems from recent findings that autophagy drives Ras-
driven tumor growth by supporting oxidative metabolism
(Guoetal. 2011; Yang et al. 2011). The role of autophagy
in supporting mitochondrial metabolism may be twofold:
Autophagy (1) maintains a healthy mitochondrial pool by
elimination of depolarized mitochondria through mitoph-
agy (Youle and Narendra 2011) and (2) ensures an unin-
terrupted supply of mitochondrial substrates through
catabolic degradation of macromolecules under starvation
(Mathew and White 2011). Consistent with this, Ras-ex-
pressing cells that are defective for autophagy pathway,
either by deficiency in autophagosome formation or by
cargo delivery, causes accumulation of abnormal mito-
chondria with a reduced capacity for oxygen consumption
(Guo et al. 2011). Additionally, Ras activation causes

specific depletion of the mitochondrial TCA metabolites
citrate and isocitrate and reduced mitochondrial oxidative
phosphorylation, indicative of mitochondrial impairment
(Guo et al. 2011). Thus autophagy is necessary for mito-
chondrial metabolic function when Ras is activated.

Autophagy may also limit toxicity due to mitochondri-
al ROS through mitophagy, wherein depolarized mito-
chondria are eliminated through lysosomal degradation
(Wild and Dikic 2010). Failed mitochondrial quality con-
trol may be compounded by substrate limitation owing to
autophagy defects, especially under metabolic stress. Ad-
ditionally, impaired mitochondrial metabolism and con-
sequent impairment in bioenergetics may potentially
select for increased glycolysis, contributing to the War-
burg effect. Thus, failure of mitochondrial quality control
in autophagy-defective cells may be an alternative means
of achieving less dependence on oxidative metabolism.

Depletion in the levels of citrate in Ras-expressing cells
under stress may have profound implications in cancer
metabolism, given its crucial role in the synthesis of
new lipids. Pyruvate, the major product of glycolysis,
enters the TCA cycle and produces acetyl-CoA to gener-
ate citrate within the mitochondria. Mitochondrially pro-
duced citrate is then exported into the cytoplasm for fatty
acid synthesis. Ras activation is known to rewire cellular
metabolism to diminish acetyl-CoA synthesis in mito-
chondria, thereby potentially inhibiting the mitochondri-
al metabolism. For example, Ras activates LDH, an
enzyme that converts pyruvate into excreted lactate, lim-
iting mitochondrial pyruvate availability. Additionally,
Ras activates Hif-1a and its downstream target, PDK1,
which is an inhibitor of PDH, the enzyme responsible for
the conversion of pyruvate into acetyl-CoA in the mito-
chondria (Chun et al. 2010; Semenza 2010b). Raf/Erk
activation can potentially inhibit LKB1, blocking AMPK
activation and the utilization of lipid stores through 3-
oxidation. Thus, Ras increases the dependence on autoph-
agy to provide substrates such as amino acids and fatty
acids for acetyl-CoA biosynthesis by curtailing acetyl-
CoA production (Fig. 1). Additionally Ras may shorten
the mitochondrial life span, through substrate limitation
further exacerbated by Ras-dependent Hif-1a activation
that impairs mitochondrial biogenesis (Zhang et al.
2007). Consistent with this, Ras causes accumulation of
abnormal mitochondria, impairment in mitochondria ox-
idative respiration, and cellular energy charge (Guo et al.
2011). Additionally, the activated Ras/MAPK pathway
activates PI3K pathways, which causes transcriptional
down-regulation of carnitine palmitoyltransferase 1A
(Cptla) (Deberardinis et al. 2006), the rate-limiting en-
zyme for mitochondrial uptake and utilization of fatty
acids by B-oxidation. One possible consequence of this
inhibition of 3-oxidation, which shuts down an important
source of substrates for mitochondria, is an increased
dependence of cancer cells on autophagy, which provides
amino acids as mitochondrial substrates through protein
degradation.

Thus, it is possible that the major role of autophagy
under this circumstance is to compensate for the metabol-
ic reprogramming imposed by Ras expression primarily



ONCOGENE ACTIVATION CAUSES AUTOPHAGY ADDICTION 393

Lactate Starvation
B ]
Glycolysis *
i LKB1 Fatty Acids/Lipids
4 Fa
tty acyl-CoA
d ¥ t ¥ ¥ Autophagy Malonyl-CoA
YIUVa®  HIF  AMPK_ Fatty acids 1
Fatty Acids
Acetyl-CoA

Proteins

Cytoplasm

Citrate

Glutamine

Figure 1. Mechanisms of autophagy addiction in Ras-driven cancers. Activated forms of Ras diminish the acetyl—coenzyme A (CoA)
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by degrading proteins providing free amino acids, espe-
cially glutamine to anaplerotic replenishment of acetyl-
CoA (Fig. 2). Ammonia production in glutaminolysis
may be important for cells to balance extra nitrogens
and to further induce autophagy, amplifying the survival
signal. Thus, autophagy may cooperate with oncogene
activation and increased nutrient uptake, to promote

macromolecular biosynthesis to support proliferation.
Amino acids can enter the central carbon metabolism as
pyruvate, acetyl-CoA, a-ketoglutarate (a-KG), and oxa-
loacetate (Fig. 2) (OAA). If this model is true, Ras-
expressing autophagy-defective cells will show signifi-
cantly reduced protein degradation and free amino acid
levels under starvation, coincident with depletion in
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energy and biosynthetic intermediates such as citrate seen
in Ras-driven tumors (Guo et al. 2011). Identification of
these autophagy substrates will reveal potential new tar-
gets to exploit autophagy addiction and unique metabolic
dependencies of oncogene-driven cancers, which are of-
ten associated with poor prognosis.

AUTOPHAGY AS A RESISTANCE
MECHANISM IN CANCER:
THERAPEUTIC IMPLICATIONS

One important consequence of autophagy-mediated
cell survival under stress is the possibility that cancer
cells can activate autophagy to resist the impact of
chemotherapy and radiation. Most chemotherapy agents
induce acute metabolic stress that cancer cells must over-
come for their survival. Indeed, most cancer therapeutics
acutely activate autophagy, either directly by modulating
signaling pathways that control autophagy in the case
of many targeted therapies (e.g., mTOR inhibitors) or
indirectly as in the case of cytotoxic therapy. Everything
that we know so far about autophagy-mediated stress
adaptation suggests that autophagy may be this survival
mechanism, potentially leading to cells that survive
chemotherapy. One dangerous consequence is that acute
autophagy activation in response to chemotherapy can
lead to tumors resistant to conventional chemotherapy.

Autophagy may also promote therapy resistance
through its possible role in preventing cell death through
pathways that are induced by cytotoxic levels of ROS.
Consistent with this role, ROS induces autophagy (Bho-
gal et al. 2012), and autophagy mitigates the production
and toxic side effects of ROS (Mathew et al. 2009) under
stress, which may positively influence tumor resistance.
Thus, either through supporting metabolism directly or
by limiting cell death pathways, autophagy may have a
pro-survival role in aggressive cancers, leading to therapy
resistance. In this connection, inhibiting autophagy may
be an attractive therapeutic strategy in established, onco-
gene-driven tumors known to have poor prognosis. There
are several clinical trials using the lysomotropic agent
hydroxychloroquine to inhibit autophagy in human tu-
mors (White and DiPaola 2009; Amaravadi et al. 2011).
However, major limitations are target specificity and the
ability to achieve levels that completely inhibit autoph-
agy. Therefore, identification of other targets more spe-
cific to the unique metabolism exhibited by autophagy-
addicted cancer cells will be highly desirable. Moreover,
the ability to evaluate and monitor the progress of autoph-
agy inhibition during chemotherapy is needed. Identify-
ing markers for an in vivo activation and flux of
autophagy process will greatly help in this regard.

CONCLUSION

Autophagy may be an important stress survival me-
chanism in response to nutritient limitation, oncogene
activation, and therapeutic insult that promote tumor dor-
mancy and therapy resistance. However, on a positive
note, this unique metabolic need might also represent a

therapeutic opportunity to enhance therapeutic efficacy.
Targeting autophagy in single-agent therapy to sensitize
aggressive cancers that are dependent on autophagy for
survival or in combination with therapeutic agents that
induce autophagy as a resistance mechanism may be an
effective therapeutic strategy. A better mechanistic un-
derstanding of how autophagy modulates cell metabolism
and death signaling under therapeutic stress and how this
impacts treatment response will help in developing better
therapeutic strategies.
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