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Autophagy is an evolutionarily conserved intracellular
catabolic process that is used by all cells to degrade
dysfunctional or unnecessary cytoplasmic components
through delivery to the lysosome. Increasing evidence reveals
that autophagic dysfunction is associated with human
diseases, such as cancer. Paradoxically, although autophagy is
well recognized as a cell survival process that promotes
tumor development, it can also participate in a caspase-
independent form of programmed cell death. Induction of
autophagic cell death by some anticancer agents highlights
the potential of this process as a cancer treatment modality.
Here, we review our current understanding of the molecular
mechanism of autophagy and the potential roles of
autophagy in cell death, cancer development, and cancer
treatment.

Introduction

Like cell growth and division, programmed cell death plays a
fundamental role in tissue and organism homeostasis."> Three
types of programmed cell death occur during development—
apoptosis, autophagic cell death, and necrosis.” Abnormal regula-
tion of programmed cell death is associated with a wide variety of
human diseases, including cancer. Although the contribution of a
loss of apoptotic responses to tumor development is established
and has been extensively analyzed at the molecular level, much
less is known about the mechanisms that regulate autophagic cell
death and how this may contribute to cancer.
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Autophagy is a general term for the process by which cyto-
plasmic material is delivered to lysosomes for degradation. There
are 3 types of autophagy: macroautophagy, microautophagy, and
chaperone-mediated autophagy. Macroautophagy is the focus of
this review. During macroautophagy (hereafter simply called
autophagy), an isolation membrane encloses a small portion of
cytoplasmic material, including damaged organelles and unused
proteins, to form a double-membraned structure called an
“autophagosome” (Fig. 1). The outer membrane of an autopha-
gosome subsequently fuses with the membrane of lysosomes to
become an “autolysosome”, in which the cytoplasmic material is
degraded by lysosomal enzymes.

Analyses of autophagy-defective organisms have revealed
numerous physiological and pathological roles of autophagy at
both the cellular and organismal levels. This review focuses on
the molecular control of autophagy and its possible functions in
programmed cell death. We will also discuss the potential role of
autophagic cell death in cancer therapy.

The Core Autophagy Machinery

The genes that regulate autophagy were first identified in
yeast,”” although most of these factors are conserved in higher
eukaryotes, including humans (Fig. 1).2 To date, more than 30
autophagy-related (Azg) genes have been reported in yeast.”
Upon the induction of autophagy, Atgl/ULK1 kinase and its
complex components Atgl3, Atgl7/FIP200, Atg29, and Atg31
translocate to the pre-autophagosomal structure (PAS).>!! This
leads to recruitment of the autophagy-specific form of the phos-
phatidylinositol (PtdIns) 3-kinase (PI(3)K) complex, which
includes Vps34, Vpsl5, Atg6/Beclin-1, and Atgl4, to the
PAS."*'? The PI(3)K complex produces phosphatidylinositol-3-
phosphate (PtdIns(3)P), which recruits effector proteins such as
Atgl18/WIPI1/2 to the PAS. Atgl8 forms a complex with Atg2
that functions in autophagosome formation,' and also controls
the size of vesicles and phosphatidylinositol 3,5-bisphosphate
(Pedlns (3, 5) P2) homeostasis in complex with other proteins.15
At the final step of autophagosome formation, elongation and
closure of the isolation membrane requires 2 protein conjugation
systems, the Atgl2-Atg5—-Atgl6 complex'® and the Arg8/LC3—
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Figure 1. Autophagy regulatory pathway. After autophagy induction, the Atg1 complex (Atg1-Atg13-Atg17-
Atg29-Atg31) translocates to the endoplasmic reticulum (ER), which is thought to be the major membrane source
for autophagy (other membrane sources may include mitochondria and the plasma membrane). This leads to
recruitment of the autophagy-specific form of the phosphatidylinositol 3-kinase (PI(3)K) complex, which includes
Vps34, Vps15, Atg6/Beclin-1 and Atg14, to the ER. To form an autophagosome, elongation and closure of the isola-
tion membrane requires 2 protein conjugation systems, the Atg12-Atg5-Atg16 complex and the Atg8/LC3-phos-

tosis and protein secretion
may contribute to tumor
development.  Eukaryotic
cells release proteins into
the extracellular space by 2

main routes. One is the con-

phosphatidylethanolamine (PE) complex.17 The ubiquitin-like
Atgl2 protein is conjugated with Atg5 by Atg7 (El-like) and
Atgl0 (E2-like) enzymes, and then Atgl2-Atg5 conjugate further
to interact with Atgl6 and function as a complex.lg'20 Atg8 is
first processed by the protease Atg4, and is conjugated with PE
by the Atg7 and Atg3 (E2-like) enzymes.'” Biochemical evidence
supports a model in which the Atg12-Atg5 complex possesses an
E3-like activity for efficient PE lipidation of Atg8.*!

It is generally believed that all of the core machinery proteins
are essential for autophagosome formation. However, several
recent findings indicate that autophagy can proceed without
some of the Atg proteins. Mouse embryonic fibroblast (MEF)
cells from either Atg5'/' or Arg7 " knockout mice formed auto-
phagosomes and autolysosomes, and performed autophagy-regu-
lated protein degradation.”> However, lipidation of the
microtubule-associated protein light chain 3 (LC3, the mamma-
lian homolog of yeast Atg8) did not occur during this Atg5/
Atg7-independent autophagy.”” During the same year, Chu
and colleagues reported that the parkinsonian neurotoxin
MPP+ induces autophagy and mitochondrial degradation
independent of Beclin-1.*> In addition, Chang and colleagues
showed that loss of either Atg7 or Atg3 function fails to
influence the autophagy that participates in programmed
reduction of cell size during Drosophila intestine cell death.?
These studies indicate that autophagy can be controlled by
different pathways in a cell context- and organism-specific
manner.
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ventional secretion pathway
for proteins that contain a
signal for translocation into the endoplasmic reticulum (ER),
which is followed by their vesicular transport to Golgi mem-
branes and subsequent export from the cell. The second is the
unconventional secretion pathway for proteins that lack a secre-
tion signal for entry into the ER-Golgi membrane pathway.
Examples of proteins that use this secretory pathway include
acyl-CoA-binding protein and the cytokines interleukin 1-f and
interleukin-6. The mechanisms underlying the unconventional
protein secretion pathway are poorly understood, but evidence
indicates that these proteins are secreted by an autophagosome-
like vesicular intermediate that requires Atg proteins such as
Atg5, Atg7, and Atg12.28’30 Unlike autophagy, these vesicles fuse
with the plasma membrane, and bypass the final stages of
autophagy.

Regulators of Autophagy

Autophagy is a tightly regulated pathway that can be induced
by a variety of stimuli, such as nutrient deprivation, hypoxia,
reactive oxygen species, protein aggregates, and damaged organ-
elles. The activation of autophagy by these stimuli involves multi-
ple signaling pathways. For example, the mechanistic target of
rapamycin (mTOR), a serine/threonine protein kinase, nega-
tively regulates the activation of autophagy. In nutrient-rich con-
ditions, mTOR interacts with Atgl3 and phosphorylates it at
several serine residues. The phosphorylation of Atgl3 reduces
both its affinity for Atgl/ULKI and Atgl/ULK1 activity. Upon
mTOR inhibition, for mTOR

example by starvation,
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phosphorylation of Atgl3 is reduced, enabling activation of
Atgl/ULKI1 kinase activity and autophagy.'’

Antiapoptotic proteins, such as Bcl-2, Bcl-XL, and Mcdl-1,
have also been proposed as important negative regulators of
autophagy. These proteins bind to the BH3 domain of Beclin-1
through their BH3-binding groove, and inhibit Beclin-1-depen-
dent autophagy induction.’"** Proapoptotic BH3-only proteins
and pharmacological BH3 mimetics can induce autophagy by
competitively disrupting the interaction between Beclin-1 and
Bcl-2 or Bcl-XL.>? In addition, death-associated protein kinase
(DAPK) can promote dissociation of Beclin-1 from Bcl-XL and
induce autophagy by mediating phosphorylation of the BH3
domain of Beclin-1.*> However, it is important to note that the
role of Bcl-2 in the regulation of autophagy is a subject of debate.
For example, there is evidence indicating that the effect of pro-
survival Bcl-2 family members on autophagy is instead an indi-
rect consequence of their inhibition of the apoptosis mediators
Bcl-2-associated X (Bax) and Bcl-2 homologous antagonist/killer
(Bak). In the absence of Bax and Bak, antagonizing or altering
the levels of prosurvival Bcl-2 family members has no detectable
impact on autophagy.>

Inositol-1,4,5 trisphosphate (IP3) is a secondary messenger
molecule that mediates calcium release from the ER by binding
the IP3 receptor, which is an ER-localized calcium ion channel.”
Increasing evidence shows that IP3 signaling pathway compo-
nents, including the IP3 receptor, IP3 kinase 2, and calmodulin,
are involved in regulating autophagy.*®*” An increase in the level
of free cytosolic calcium also triggers autophagy. This process is
mediated by calcium/calmodulin-dependent kinase kinase-f3 and
AMP-activated protein kinase (AMPK) via mTOR inhibition.?®
In addition to inhibition of mTOR, AMPK directly interacts
with and phosphorylates Atgl to influence autophagy.®”*°

Steroid hormone has also been shown to regulate autophagy
activity, and this has been best studied during development in
Drosophila melanogaster. In Drosophila, pulses of the steroid 20-
hydroxyecdysone (ecdysone) control the transitions through dif-
ferent developmental stages.*' At the end of the third larval instar
stage, an ecdysone pulse triggers formation of the prepupa. The
increase in ecdysone at this stage activates autophagy in the larval
midgut, and this autophagy promotes intestine cell death.*? Ten
hours later, the subsequent increase in ecdysone triggers forma-
tion of the pupa, and activates autophagy that promotes pro-
grammed cell death of the salivary gland.*> The molecular
mechanisms underlying this process have been described exten-
sively elsewhere. “%

Autophagy in Cell Death

Programmed cell death is a conserved and genetically regu-
lated process that plays important roles throughout the lives of
metazoans. Schweichel and Merker identified 3 types of pro-
grammed cell death based on morphology: apoptosis, autophagic
cell death, and necrosis.’ Among them, autophagic cell death is
characterized by the presence of abundant autophagosomes in
the dying cell and the lack of phagocyte participation in cell
death. However, whether autophagy is the mechanism by which
cells actually die (cell death by autophagy) or is simply present
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during cell death (cell death with autophagy) has been a subject
of controversy because autophagy is well recognized as a cell sur-
vival mechanism. 48 During conditions of nutrient limitation,
autophagy is used to generate amino acids and energy to main-
tain cell viability through the bulk degradation of cytoplasmic
material. Accordingly, the presence of autophagy in dying cells
has been proposed to be a stress response mechanism to prolong
cell viability.

Nevertheless, recent studies strongly support autophagy as a
process that can promote programmed cell death. The contribu-
tion of autophagy to cell death has been studied most extensively
in Drosophila. As described above, an increase in steroid hormone
levels triggers the destruction of larval tissues during the transi-
tion from a larva to an adult.*’ Destruction of the larval salivary
gland requires both autophagy and caspase activities.*>*’ Muta-
tions in either multiple Azg genes or caspase genes, or overexpres-
sion of the caspase inhibitor p35, lead to incomplete degradation
of larval salivary glands. However, combined inhibition of both
autophagy and caspase activities increases suppression of salivary
gland degradation. Further, Atgl-triggered autophagy in salivary
glands is sufficient to induce premature cell death in a caspase-
independent manner.”> These data indicate that caspases and
autophagy function additively in the degradation of Drosophila
larval salivary glands.

In contrast to the Drosophila salivary gland, death of the larval
midgut cells of the intestine is not disrupted by overexpression of
p35 or by mutation of caspases, indicating that the canonical
apoptosis pathway is not required for developmental midgut cell
death.”® Interestingly, the impaired function of multiple Azg
genes, including either Azgl, Atg2 or Atgl8, blocks larval midgut
degradation.’® Additionally, caspase deficiency fails to enhance
the Arg mutant phenotype in the midgut. These data indicate
that autophagy, and not apoptosis pathway components, is essen-
tial for Drosophila midgut programmed cell death.

Studies in mammalian systems also provide evidence in sup-
port of concurrent activation of autophagic and apoptotic path-
ways. In U937 monocytoid cells and 1929 fibrosarcoma cells,
knockdown of either Beclin-1 or Atg7, 2 essential Atg genes,
blocks non-apoptotic cell death induced by caspase-8 inhibi-
tion.”! In response to death stimulation, Bax” Bak” double
knockout MEFs undergo non-apoptotic cell death. This cell
death is associated with increased numbers of autophagosomes
and autolysosomes, and can be reduced by knockdown of either
Atg5 or Beclin-1°* Tn human ovarian surface epithelial cells,
expression of oncogenic H-Ras"'? leads to caspase-independent
cell death with features of autophagy. This Ras-induced autoph-
agy-dependent cell death was associated with upregulation of the
BH3-only protein Noxa and the autophagy regulator Beclin-1.7
Furthermore, it has been reported that activation of autophagy
by the autophagy-inducing peptide Tat-Beclin-1 can cause cell
death with unique morphological features of autophagy. This
type of cell death is blocked by either pharmacological or genetic
inhibition of autophagy, but not by impairment of known regu-
lators of either apoptosis or necroptosis.”* In neonatal mice, neu-
ron-specific deletion of Atg7 protects against cerebral hypoxia—
ischemia-induced hippocampal neuron death,” and in adult rats
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shRNA targeting Beclin-1 prevents neuronal death in the thala-
mus following focal cerebral infarction.>® Although such studies
provide genetic data in support of autophagy function in the
death of mammalian cells and tissues, additional analyses of
autophagy in developmental cell death are needed in mammalian
model systems.

Autophagy might be required for cell death, but litte is
known about how autophagy kills cells. One possibility is that
autophagy causes a metabolic catastrophe by depleting mitochon-
dria and metabolic substrates. Studies in Drosophila provide some
support for this model, since high levels of autophagy that are
induced by Atgl expression are sufficient to induce cell death
that is either dependent or independent of caspase function,
depending on cell type.***>>” Another possible mechanism for
autophagy-dependent cell death is the selective recruitment of
cell survival factors to autophagosomes for degradation. Studies
in mammalian cells have shown that selective recruitment of
cytoplasmic catalase to autophagosomes leads to accumulation of
reactive oxygen species and cell death.”® Similarly, recruitment of
the inhibitor of apoptosis Bruce to autophagosomes in the Dro-
sophila ovary leads to the activation of caspases and cell death.””
Finally, it has been proposed that autophagic membrane struc-
tures could serve as signaling scaffolds to enable activation of

A

B Autophagy suppressing cells

Autophagy reporter

either apoptotic or programmed necrosis protein complexes.
Limited data exist in support of each of these possible mecha-
nisms, and more work is needed to determine how autophagy
promotes cell death.

Cell-Autonomous Regulation of Autophagy

Autophagy, which literally means “self-eating,” is involved in
the bulk degradation of long-lived cytosolic proteins and organ-
elles, and is an important intracellular biomass quality and quan-
tity control process. All of the autophagy genes and proteins
identified to date function in a cell-autonomous manner. In
yeast, for example, nutrient deprivation induces a high level of
autophagy, which provides a cell-autonomous source (by autodi-
gestion of the cytosol) of energy and amino acids for the synthesis
of proteins that are essential for survival. In the Drosophila fat
body, which is a nutrient storage organ, clonal knockdown of
Atg5 inhibits starvation-induced autophagy only in cells with
reduced autophagy gene function.® Similarly, clonal loss of Azgl
function in dying Drosophila midgut cells specifically inhibits
autophagy in cells that possess reduced autophagy gene function
(Fig. 2).%4 Draper, the Drosophila ortholog of the Caenorhabditis
elegans engulfment receptor CED-1, is required for autophagy
activation during larval salivary gland developmental cell death.®!

Autophagy
reporter

Merge

Figure 2. Cell-autonomous function of autophagy genes. (A) Experimental design. A cell with Atg gene knockdown by RNAi co-expresses green fluores-
cent protein (GFP, green) and is surrounded by wild type cells (white). After autophagy induction, red autophagy reporter punctae are present only in
wild type cells, and not in the Atg RNAi knockdown cell. The Atg RNAi knockdown cell is larger than wild type cells, because autophagy leads to a reduc-
tion in cell size. (B) An image of the mid gut of the Drosophila larval intestine. Cells with Atg7 knockdown are marked by GFP (green). mCherry-tagged
Atg8a protein (red), which localizes to autophagosomes and autolysosomes, is expressed in all cells and serves as a reporter of autophagy. Two hours
after puparium formation (APF), mCherry-Atg8a punctae are only present in the wild type mid gut cells, but not in the Atg7 RNAi-expressing green cells.

Scale bar represents 50 wm. Image courtesy of T.-K. Chang.
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Loss of draper prevents the induction of autophagy, and causes an
incomplete larval salivary gland degradation phenotype. Interest-
ingly, unlike its function in phagocytosis, Draper also regulates
autophagy in a cell-autonomous manner.®' Knockdown of draper
does not prevent starvation-induced autophagy in the fat body,
indicating that regulation of autophagy by Draper is also tissue-
specific. As Draper is an engulfment receptor, it is commonly
accepted that there is a corresponding ligand; however, the ligand
required for the regulation of autophagy by Draper remains
unknown. If Draper does require a ligand for the regulation of
autophagy, it is possible that this ligand functions in a non—cell-
autonomous manner.

Role of Autophagy in Cancer Development

Cancer was one of the first human disorders that was linked to
a defect in autophagy.*>*> However, the role of autophagy in
tumor progression is still an enigma. Inactivation of Fip200, the
mouse homolog of yeast Atgl7, in the polyoma middle T
(PyMT) mouse mammary cancer model impairs tumor
growth.®* Deletion of either Azg5 or Atg7 in the mouse liver
causes hepatoma formation without progression to hepatocellular
carcinoma.®> Downregulation of essential autophagy proteins
abrogates the tumorigenicity of oncogenic RAS-expressing
human and mouse cancer cell lines.**” These findings suggest
that autophagy can be tumor promoting in established cancers. It
has been suggested that, through intracellular recycling, autoph-
agy provides substrates that enable tumor cells to survive the met-
abolic stress in the tumor microenvironment and promotes
tumor progression.

Paradoxically, other studies support a role for autophagy in
tumor suppression. Mice with allelic loss of Beclin-1 have
decreased autophagy and are more prone to the development of
spontaneous tumors, including lymphomas, lung carcinomas,
hepatocellular  carcinomas, and mammary precancerous
lesions.®®* In addition, immortalized kidney and mammary epi-
thelial cells derived from Beclin-1 heterozygous-deficient mice
showed increased tumorigenicity when transplanted into immu-
nocompromised mice.”””" Atg5 is frequently downregulated in
primary melanomas compared to benign nevi, and analyses of
158 patient biopsies showed that patients with low levels of Atg5
in their tumors had reduced progression-free survival.”> The
mechanisms by which autophagy functions in tumor suppression
remain unclear, and it is possible that autophagy could directly
restrict cell proliferation by inducing cell death. It is important to
note that Laddha and colleges recently found that most Beclin-1
mutations are associated with mutations in the BRCAI tumor
suppressor gene.”> Although the ability to draw strong conclu-
sions may be limited by the current availability of cancer genome
data, these data do raise doubts about the tumor suppressor func-
tion of Beclin-1.

Increasing evidence suggests that autophagy has a specific
influence on tumor progression depending on context. Inactiva-
tion of either Azg5 or Azg7 impairs the initiation of KrasG12D-
driven lung cancer, and deletion of the tumor suppressor p53
restores cancer progression in either Kras Azg5” or Kras Asg7”
tumors.”* In a humanized genetically modified mouse model of
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Kras-triggered pancreatic ductal adenocarcinoma (PDAC), a
small number of precancerous lesions developed into PDAC over
time. If these mice also lacked either the Azg5 or Atg7 autophagy
gene, they accumulated low-grade, premalignant pancreatic
intraepithelial neoplastic lesions, and progression to high-grade
pancreatic intraepithelial neoplasias and PDAC was blocked. In
contrast, in mice containing oncogenic Kras and lacking p53,
loss of autophagy no longer blocked tumor progression and actu-
ally accelerated tumor onset.””> However, decreased 53 function
had no impact on the influence of autophagy inhibition on
tumor growth in a different study of PDAC.”® The discrepancy
between these studies may indicate that the timing of p53
impairment influences the impact of autophagy modulation on
tumor growth. Furthermore, a recent study shows that the influ-
ence of autophagy on tissue overgrowth depends on the growth-
inducing stimulus and cell type.”” These findings support the
notion that autophagy may play distinct roles in cancer as both
an inhibitor of initial oncogenesis and then as a facilitator of
tumor progression, and that cell and tumor context influence
how autophagy impacts tumor development. These studies have
important implications for the use of modulators of autophagy
for cancer therapy.

Autophagy and Cell Death in Response to Anticancer Agents

Autophagy has been reported to play contradictory roles in
tumor initiation and progression. Therefore, both repression and
stimulation of autophagy should to be considered as therapeutic
approaches depending on the many factors that contribute to
cancer. Therapeutic induction of autophagy-associated cell death
can be accomplished by modulation of regulators of autophagy.
mTOR is a key regulator of cell growth and an autophagy repres-
sor, and inhibition of this kinase leads to the activation of Atgl/
Ulk1 and stimulation of autophagy. Treatment with the mTOR
inhibitor rapamycin led to a reduction in carcinogen-induced
lung tumors in a murine model.”® In addition, rapamycin treat-
ment showed antitumor effects in the MCF7 and MDA-MB-
231 breast cancer cell lines in xenografted tumors, and it was sug-
gested that this was because of inhibition of angiogenesis.”” Fur-
thermore, continuous long-term rapamycin treatment in
APCM™+ mice, which have enhanced AKT-mTOR signaling,
was shown to markedly inhibit intestinal neoplasia.** Recently,
combining autophagy activation by mTOR inhibition with radi-
ation was shown to lead to enhanced therapeutic effects in cancer
cells and xenografts.®" Another strategy that has been imple-
mented is the induction of autophagy by inhibition of mTOR
while impairing lysosome function by treatment with chloro-
quine.*” This leads to the accumulation of what is presumably
toxic autophagic cargo without the lysosomal capacity to degrade
this material and thus results in cell death.

As described earlier, autophagy can also be induced by the
protein kinase AMPK. Metformin is an inhibitor of the mito-
chondrial electron transport chain complex I that leads to
decreased ATP production and increased levels of AMP. This
causes AMPK activation and autophagy induction. Metformin
has been reported to prevent tobacco carcinogen-induced lung
tumorigenesis in a rodent cancer model,*” and to improve tumor
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oxygenation and hence the radiotherapy response.** Further-
more, the combination of chemotherapy and metformin is more
harmful to breast cancer cells than treatment with chemotherapy
or metformin alone.® Significantly, the first clinical trial that
combined autophagy inhibition and chemotherapy demonstrated
that patients harboring the BRAFY°°® mutation who were
treated with the RAF inhibitor vemurafenib and chloroquine had
decreased brain tumor growth.®® Although the contribution of
autophagy to these cancer therapeutic strategies is not completely
clear, the results of this clinical trial illustrate how targeting
autophagy could lead to new cancer therapies.

Growing evidence indicates that autophagy not only preserves
cellular homeostasis in conditions of endogenous stress, but also
plays an important role in controlling intracellular pathogens.
Thus, autophagy represents one of the most primitive innate
immune responses. From the immunological point of view, can-
cer can only develop when premalignant cells escape immunosur-
veillance by either losing their antigenic properties or by actively
suppressing the antitumor immune response.’” Autophagy is
often thought to be suppressed in tumor cells during early onco-
genesis, such as upon allelic loss of Bec/in-1. Indeed, autophagy-
deficient tumors fail to elicit an anticancer immune response
upon exposure to chemotherapy.®® Many preclinical studies of
the role of autophagy in killing tumor cells may have missed
important non-autonomous influences on the immune system,
since previous work has mostly been conducted either iz vitro or
in animal models with defective immune systems. Therefore,
when considering modulation of autophagy for cancer therapy, it
is important to consider the role of autophagy in the immune
and anticancer responses.

Conclusions and Future Directions

Organisms continuously replace their damaged cells to main-
tain health and to make morphological and functional changes
via programmed cell death. As the most studied form of pro-
grammed cell death, analyses of apoptosis have led to important
contributions to our understanding of cancer biology and have
provided potential targets for new cancer therapies. However, the
apoptotic machinery is often mutated in human tumors, and
modulation of alternative forms of programmed cell death may
provide important alternatives for cancer treatment. Here, we
have discussed the molecular mechanisms of autophagy, how
autophagy may contribute to cell death, and its potential role in
cancer. However, there are many fundamental questions that

remain to be addressed. For example, although studies of inverte-
brate organisms have made important contributions to our
understanding of the role of autophagy in cell death, the physio-
logical role of autophagic cell death in mammalian organisms
needs to be examined further. Additionally, the molecular mech-
anisms that specifically regulate autophagic cell death are still far
from understood. A better characterization of these mechanisms
will help us to specifically induce the cell death function of
autophagy while inhibiting its cell survival function in tumor
cells.

Critical issues remain when considering autophagic cell death
in disease therapeutics. One challenge in the study of cancer
treatment is the fact that autophagy has dual roles in tumorigene-
sis. Both stimulation and repression of autophagy could be prom-
ising approaches, but existing drugs that influence autophagy
probably influence other processes, including multiple vesicle
trafficking pathways. Therefore, the development of drugs that
specifically and exclusively stimulate or repress autophagy is very
important. Autophagy mitigates stress in both target tumor and
healthy normal cells, and it is important to consider how to
design drugs that specifically target tumor cells without damaging
neighboring normal tissue. Likewise, cancer is a very complicated
disease; different tumor types and different patient genotypes
may vary in their responses to autophagy modulation, and there-
fore may differ in sensitivity to the modulation of autophagy as a
therapeutic strategy. Thus, a better understanding of the influ-
ence of different cell types, genotypes, and environmental factors
on the response of tumors to the modulation of autophagy is
essential in order to understand the potential of manipulating
autophagy for cancer therapy.
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