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Autophagy in cell death: an innocent convict?
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The visualization of autophagosomes in dying cells has led to the belief that autophagy is a nonapoptotic form of
programmed cell death. This concept has now been evaluated using cells and organisms deficient in autophagy genes.
Most evidence indicates that, at least in cells with intact apoptotic machinery, autophagy is primarily a pro-survival
rather than a pro-death mechanism. This review summarizes the evidence linking autophagy to cell survival and
cell death, the complex interplay between autophagy and apoptosis pathways, and the role of autophagy-dependent

survival and death pathways in clinical diseases.

Cell biologists have long recognized the possibility that eukaryotic
cells may undergo nonapoptotic forms of programmed cell death.
Autophagy, a lysosomal pathway involving the bulk degradation
of cytoplasmic contents, has been identified as a prime suspect
in such death, and recent studies have implicated the autophagy
pathway as a cause of nonapoptotic cellular demise. However,
most evidence linking autophagy to cell death is circumstantial.
Now, with new tools to assess causality, it is an opportune time to
revisit the case of autophagy in cell death. Is autophagy an inno-
cent bystander, a direct death execution pathway, a defense mecha-
nism that ultimately fails in its mission to preserve cell viability,
and/or a garbage disposal mechanism that cleans up remnants of
a cell already committed to die?

Autophagy is a regulated lysosomal

degradation pathway

The term autophagy (Greek, “to eat oneself”) does not refer to a death
process; it denotes the process of self-cannibalization through a lyso-
somal degradation pathway. Autophagy is the cell’s major regulated
mechanism for degrading long-lived proteins and the only known
pathway for degrading organelles (reviewed in refs. 1, 2). During
autophagy, an isolation membrane forms, presumably arising from
avesicular compartment known as the preautophagosomal struc-
ture, invaginates, and sequesters cytoplasmic constituents including
mitochondria, endoplasmic reticulum, and ribosomes (Figure 1).
The edges of the membrane fuse to form a double or multimem-
branous structure, known as the autophagosome or autophagic
vacuole. The outer membrane of the autophagosome fuses with the
lysosome (in mammalian cells) or vacuole (in yeast and plants) to
deliver the inner membranous vesicle to the lumen of the degrada-
tive compartment. Degradation of the sequestered material gener-
ates nucleotides, amino acids, and free fatty acids that are recycled
for macromolecular synthesis and ATP generation.

Autophagy occurs at low basal levels in all cells to perform homeo-
static functions (e.g., cytoplasmic and organelle turnover) butis rapid-
ly upregulated when cells need to generate intracellular nutrients and
energy (e.g., during starvation or trophic factor withdrawal), undergo
architectural remodeling (e.g., during developmental transitions),
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or rid themselves of damaging cytoplasmic components (e.g., during
oxidative stress, infection, and accumulation of protein aggregates).
Nutritional status, hormonal factors, and other cues like tempera-
ture, oxygen concentrations, and cell density are important in the
control of autophagy. Two evolutionarily conserved nutrient sensors
play roles in autophagy regulation: (a) the target of rapamycin (TOR)
kinase is the major inhibitory signal that shuts off autophagy dur-
ing nutrient abundance (reviewed in ref. 3), and (b) the eukaryotic
initiation factor 2o (eIF2a) kinase Gen2 and its downstream target
Gcen4, a transcriptional transactivator of autophagy genes, turn on
autophagy during nutrient depletion (4). The class I PI3K/Akt sig-
naling molecules link receptor tyrosine kinases to TOR activation
and thereby repress autophagy in response to insulin-like and other
growth factor signals (reviewed in ref. 3).

Downstream of TOR kinase, there are approximately 17 gene
products essential for autophagy and related pathways in yeast,
referred to as the ATG genes (5), and most yeast ATG genes have
orthologs in higher eukaryotes (reviewed in ref. 2). The ATG genes
encode proteins needed for the induction of autophagy, and the
generation, maturation, and recycling of autophagosomes. These
proteins are composed of 4 functional groups, including a pro-
tein serine/threonine kinase complex that responds to upstream
signals such as TOR kinase (Atgl, Atgl3, Atgl7), a lipid kinase
signaling complex that mediates vesicle nucleation (Atg6, Atgl4,
Vps34, and Vps15), 2 novel ubiquitin-like conjugation pathways
that mediate vesicle expansion (the Atg8 and Atgl2 systems), and
arecycling pathway that mediates the disassembly of Atg proteins
from matured autophagosomes (Atg2, Atg9, Atg18) (Figure 2).

Autophagy as a cell death mechanism
The term “autophagic cell death” describes a form of programmed
cell death morphologically distinct from apoptosis and presumed
to result from excessive levels of cellular autophagy (6). In classical
apoptosis, or type I programmed cell death, there is early collapse
of cytoskeletal elements but preservation of organelles until late
in the process. In contrast, in autophagic, or type II, programmed
cell death, there is early degradation of organelles but preservation
of cytoskeletal elements until late stages. Whereas apoptotic cell
death is caspase-dependent and characterized by internucleosomal
DNA cleavage, caspase activation and DNA fragmentation occur
very late (if at all) in autophagic cell death (Figure 3). In contrast
with necrosis, both apoptotic and autophagic cell death are char-
acterized by the lack of a tissue inflammatory response.

Large numbers of autophagic vacuoles have been observed in
dying cells of animals of diverse taxa (reviewed in refs. 6-9) (Table 1).
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The autophagy pathway and its role in cellular adaptation to nutrient deprivation. Starvation or growth factor deprivation results in a decrease in
intracellular nutrients and activation of nutrient-sensing signaling pathways (reviewed in ref. 97) that stimulate autophagy. Autophagy involves the
sequestration of cytoplasmic material by an isolation membrane (derived from the preautophagosomal structure) to form a double-membrane vacuole,
the autophagosome. The autophagosome undergoes fusion with a late endosome or lysosome, to form an autolysosome, in which the sequestered
material is degraded. Degradation of membrane lipids and proteins by the autolysosome generates free fatty acids and amino acids that can be
reused by the cell to maintain mitochondrial ATP energy production and protein synthesis and thereby promote cell survival. Disruption of this path-
way by autophagy gene inactivation prevents cell survival in diverse organisms (Table 2). The same molecular machinery and overlapping dynamic
membrane rearrangement events that occur during starvation may also be used in other settings to degrade unwanted cytoplasmic contents, including
damaged mitochondria, protein aggregates, and intracellular pathogens. See text for discussion. TCA cycle, tricarboxylic acid cycle.

The consensus view has been that autophagic cell death occurs
primarily when the developmental program (e.g., insect metamor-
phosis) or homeostatic processes in adulthood (e.g., mammary
gland postlactational involution, prostate involution following
castration) require massive cell elimination. Recently, studies have
also described autophagic cell death in diseased mammalian tis-
sues and in tumor cell lines treated with chemotherapeutic agents
(Table 1). In many of these cases, morphologic features of autoph-
agic and apoptotic cell death or of autophagic and necrotic cell
death are observed in the same cell.

What is the evidence that autophagy is a death execution mecha-
nism in autophagic cell death? If cell death is truly due to autopha-
gy, then pharmacologic or genetic inhibition of autophagy should
prevent the death. Yet, for most of the developmental, disease-asso-
ciated, and toxic stimulus-induced deaths that are presumed to be
autophagic (Table 1), the evidence for its role is only correlative.
Moreover, in certain cases of autophagic cell death, the available evi-
dence calls into question a causative role of autophagy. For exam-
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ple, in Drosophila, autophagic cell death but not autophagy observed
during salivary gland regression is prevented by mutations in the
ecdysone-regulated transcription factors BR-C and E74A (10). In the
slime mold Dictyostelium, a null mutation in the autophagy gene
atgl blocks vacuolization but not cell death in an in vitro model of
autophagic cell death (11). Thus, in these model systems, autopha-
gy per se is neither sufficient nor required for autophagic cell death.
Furthermore, the caspase inhibitor p35 blocks metamorphic cell
death in Drosophila without complete inhibition of autophagy, sug-
gesting that it is caspase-mediated apoptosis, rather than autopha-
gy, that plays a key role in this death process (10).

There is, however, some evidence in certain in vitro settings that
pharmacologic or genetic inhibition of autophagy can prevent cell
death. The pharmacologic inhibitor of autophagy 3-methyladenine
(3-MA), a nucleotide derivative that blocks class III PI3K activity
(12-14), delays or partially inhibits death in starved hepatocytes
from carcinogen-treated rats (15), in anti-estrogen-treated human
mammary carcinoma cells (16), in chloroquine-treated cortical neu-
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rons (17), in nerve growth factor-deprived sympathetic neurons (18),
in serum- and potassium-deprived cerebellar granule cells (19), in
serum-deprived PC12 cells (20), and in TNF-treated human T lym-
phoblastic leukemia cells (21). However, in several of these studies,
autophagy occurred in cells thought to die by apoptosis, and it was
presumed that autophagy triggered apoptosis, rather than playing a
direct role in the death process. Moreover, 3-MA can inhibit kinases
other than class III PI3K (18), some of which may independently
affect death signaling, as well as inhibit the permeability transition
in mitochondria (22). Thus, it is not possible to directly implicate
autophagy in death execution from these 3-MA inhibitor studies.
Two recent studies provide the first genetic evidence that the
autophagy pathway is capable of killing cells (Table 2). RNA interfer-
ence (RNAI) directed against 2 autophagy genes, atg7 and beclin 1,
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Figure 2

The molecular mechanisms of autophagy. The autophagy (Atg) pro-
teins can be divided into 4 functional groups, including (A) a protein
kinase autophagy regulatory complex that responds to upstream sig-
nals, including nutrient limitation; (B) a lipid kinase signaling complex
that mediates vesicle nucleation; (C) ubiquitin-like protein conjugation
pathways that are required for vesicle expansion and completion; and
(D) a retrieval pathway required for the disassembly of Atg protein
complexes from matured autophagosomes. Shown are the yeast Atg
proteins that participate in each functional group. Yeast Atg proteins
with known orthologs in higher eukaryotes are underlined. PI, phos-
phatidylinositol; PI3-P, phosphatidylinositol 3-phosphate; PE, phos-
phatidylethanolamine.

blocked cell death in mouse L929 cells treated with the caspase
inhibitor zZVAD (23). Further, RNAI against autophagy genes atgS
and beclin 1 blocked death of bax /-, bak”~ murine embryonic fibro-
blasts (MEFs) treated with staurosporine or etoposide (24). Notably,
in both of these studies, atg gene RNAi blocked the death of cells
whose apoptotic pathway had been crippled. Although these findings
exclude the possibility that autophagy is triggering death through
apoptosis induction, they raise the question of whether autophagy is
a death mechanism in cells whose apoptotic machinery is intact.

Interestingly, in etoposide-treated wild-type MEFs (which die by
apoptosis), only minimal autophagic activity and no inhibition of
death by 3-MA is seen, indicating that autophagy is not involved
in the death process unless apoptosis is blocked (24). These data
are consistent with the theory previously proposed by Lockshin
and Zakeri that cells preferentially die by apoptosis but will die by
any alternative available route, including autophagy, if exposed to
harsh enough stimuli (9). A related possibility is that apoptotic
death is faster than autophagic death and, therefore, autophagy is
only witnessed playing a role in cell death in apoptotic-deficient
cells. This hypothesis is consistent with recent data indicating that
growth factor-deprived wild-type cells undergo a rapid apoptotic
death, whereas growth factor-deprived bax~, bak”~ cells undergo a
slow demise characterized by progressive self-cannibalization (25).

Given the uncertain physiologic relevance of autophagy gene-
dependent cell death in zZVAD-treated cells or in bax~~, bak”~ cells,
it seems premature to conclude that autophagy is a physiologi-
cally important cause of cell death. To prove that autophagy is an
important cell death pathway in normal cells, it will be necessary
to demonstrate cell death resistance phenotypes in apoptotic-com-
petent cells lacking autophagy genes.

Autophagy as a cell survival mechanism

A contradictory, but equally plausible, explanation for the pres-
ence of autophagy in dying cells is that activation of autophagy is
a cellular survival strategy. This concept was first proposed in 1977
(26) and considered radical (8) but now is supported by studies
demonstrating increased death in cells or organisms lacking gene
products essential for autophagy (Table 2). The pro-survival func-
tion of autophagy is an evolutionarily ancient process, conserved
from yeast to mammals, and best characterized in nutrient defi-
ciency. During nutrient deficiency, degradation of membrane lip-
ids and proteins by the autolysosome generates free fatty acids and
amino acids that can be reused to fuel mitochondrial ATP energy
production and maintain protein synthesis (Figure 1). Presumably,
this recycling function of autophagy is linked mechanistically to
its ability to sustain life during starvation.
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Ultrastructural examples of apoptotic and autophagic cell death. Elec-
tron micrographs of a FasL-treated Jurkat cell undergoing cell death
with apoptotic features (A) and of a tamoxifen-treated MCF7 human
breast carcinoma cell undergoing cell death with autophagic features
(B). In A, note chromatin condensation (cell in center) and cytoplasmic
vacuolization (cell in upper right). In B, note absence of chromatin con-
densation and presence of numerous autophagosomes. Images in A
and B reproduced with permission from Nature Cell Biology (98) and
Landes Bioscience (90), respectively.

Unicellular organisms with null mutations in autophagy genes
are viable in normal growth conditions; however, unlike their wild-
type counterparts, they die rapidly during starvation (Table 2)
(27-29). In plants, deletion of autophagy genes (e.g., ATG6,
ATG7, and ATGY) results in loss of chlorophyll and accelerated
senescence following nutrient deprivation (30-32). Mice lack-
ing Atg5, an acceptor molecule for the ubiquitin-like molecule
Atg12, die during the neonatal period, when the placental blood
supply is interrupted and they undergo a form of starvation (33).
Atg57~ mice have decreased amino acid levels, decreased cardiac
ATP production, and myocardial damage. Although the death
of individual cells has not yet been assessed in atgS~~ mice, it is
predicted that the recycling function of autophagy is critical to
maintain cellular energy homeostasis and cellular survival dur-
ing the neonatal period. This is particularly likely in tissues such
as the heart and diaphragm that have sudden increases in energy
needs and exhibit increased autophagy immediately following
birth. Similarly, the inability of Caenorbabditis elegans with RNAi-
silenced autophagy genes (e.g., unc-51, bec-1, atg8, and atgl8) to
survive during dauer diapause (34) likely reflects an inability to
recycle nutrients at the organismal level.

Autophagy genes may also be critical for maintaining cellu-
lar bioenergetics and survival when cells are unable to take up
external nutrients (i.e., during growth factor deprivation). In the
absence of growth factors such as IL-3, there is decreased surface
expression of nutrient transporters, decreased nutrient uptake,
and an intracellular deficiency of nutrients (35). Growth factor
withdrawal usually results in rapid apoptotic cell death, but recent
studies in apoptotic-deficient bax~~, bak”~ cells have unraveled an
essential role for autophagy genes (e.g., atg$, atg7) in maintaining
cellular survival following IL-3 deprivation (25). As in nutrient
starvation in yeast, autophagy is a self-limited survival strategy
during growth factor deprivation. IL-3-deprived bax 7, bak™~ cells
eventually die, presumably because of excessive self-consumption
and bioenergetic failure. However, at any point before death, the
addition of growth factor reverses the catabolic process and main-
tains cell viability. These observations are consistent with the con-
cept that autophagy is a self-limited survival strategy, rather than
a primary or irreversible death execution program.
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Like the pro-death function of autophagy genes in etoposide-
treated bax~~, bak~~ knockout cells, it will be important to determine
whether this pro-survival function of autophagy genes during growth
factor deprivation in bax 7, bak /- cells is conserved in cells with intact
apoptotic machinery. It will also be interesting to examine whether
autophagy genes play a similar cytoprotective role during withdrawal
of hormonal support or growth factors besides IL-3. Perhaps, rather
than contributing to death execution, autophagy delays initiation
of the apoptotic death pathway in cells deprived of trophic support.
Although studies have not been performed in apoptosis-competent
cells deprived of trophic factors, autophagy genes prevent the onset
of apoptosis during nutrient deprivation. RNAi against beclin 1, atg3,
atgl0, and atgl2 enhances starvation-induced, but not staurosporine-
induced, apoptotic cell death (36). Thus, the mechanism by which
autophagy genes promote survival during nutrient deprivation may
involve suppression of the canonical apoptotic death pathway.

The mechanisms by which autophagy promotes cell survival are
not restricted to its role in maintaining cellular energy homeo-
stasis during starvation. Autophagy is also involved in remov-
ing damaged mitochondria and other organelles, in degrading
intracellular pathogens, and in degrading protein aggregates too
large to be removed by the ubiquitin-proteasomal system. These
functions of autophagy could promote cellular survival during
aging, infectious diseases, and neurodegenerative processes. In
addition to a cell-autonomous role for autophagy in promoting
survival, autophagy may regulate programmed cell death during
physiologic processes in vivo. For example, during the plant innate
immune response, silencing of autophagy genes beclin 1, vps34,
atg3, and atg7 does not alter the death of infected cells or patho-
gen spread but results in uncontrolled spread of programmed
cell death beyond sites of pathogen infection (32). This suggests
that autophagy limits cell death to the site of infection, allowing
plant innate immunity to contain pathogen spread without death
of innocent bystander cells. It is not known whether autophagy
alters the production of death-promoting signals, prevents the
movement of death-promoting signals into uninfected tissues, or
protects uninfected tissues against death induced by these signals,
or whether a similar function of autophagy plays a role in the spa-
tial restriction of development and stress-induced programmed
cell death in other eukaryotic organisms.

Autophagy as a self-clearance mechanism

A third explanation for high levels of autophagy in dying cells is
that it is a clean-up or self-clearance mechanism in cells commit-
ted to die by apoptosis or necrosis. This theory might explain why
only selected populations of dying apoptotic cells have morpho-
logic features of autophagy. The dogma is that most apoptotic
cells are engulfed by phagocytes, with the lysosomes of the phago-
cyte responsible for the final degradation of dead cell bodies. How-
ever, in some forms of developmental programmed cell death (e.g.,
embryogenesis, insect metamorphosis), the availability of engulf-
ment cells may be insufficient for clearance of dead cells. In such
cases, dying cells may activate autophagy to target the cell’s con-
tents for degradation by its own lysosomes.

This need might contribute to the overlap between signaling
pathways that activate apoptosis and autophagy. It has been shown
that the proapoptotic signaling molecule TNF-related apoptosis-
inducing ligand (TRAIL) regulates autophagy in an in vitro model
of mammary gland formation (37). Here, TRAIL-dependent induc-
tion of autophagy occurs in parallel with apoptosis. Suppression
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Table 1
Examples of cell death with morphologic features of autophagy*

Species Tissue/cell type

Developmental programmed cell death
Insects

Chironomus tentans
Manduca sexta

Salivary gland

Intersegmental muscle, labial gland, prothoracic
gland, larval fat body, motoneuron

Prothoracic gland

Salivary gland

Salivary gland, midgut cells, larval fat body

Gryllus bimaculatus
Calliphora vomitoria
Drosophila melanogaster

Orgyia leucostigma Epithelial wing
Birds
Chicken Limb bud, neurons, mesonephros, miillerian
duct epithelium, feather melanocytes, heart
Quail Ovarian follicle
Amphibians
Frog Tail nerve cord
Gills, neurons
Mammals
Mouse Palatal epithelium
Human Mammary epithelial cells
Disease-associated cell death
Mammals
Mouse Brain (cerebellar Purkinje cells)
Striatal neuronal cell line
Macrophages
Rat PC12 neuronal cell line
Hamster Brain
Gerbil Hippocampus
Human Heart

Dopaminergic neurons

Drug-, toxin-, or stress stimulus—associated cell death
Protozoans

Leishmania donovani
Tetrahymena thermophila
Dictyostelium discoideum

Mammals

Mouse Heart

Cortical neurons

Neural precursor cells

Rat Sympathetic neurons

Cultured cerebellar granule cells
Retinal explant

Hippocampal neurons

PC12 pheochromocytoma cells
Oral keratinocytes

Ovarian carcinoma cell lines
Mammary carcinoma cell line
Glioma cell lines

Human

Endothelial cells

Setting

Metamorphosis
Metamorphosis

Metamorphosis
Metamorphosis
Metamorphosis
Adult reduction in females

Embryonic development

Atresia

Metamorphosis
Larval development

Embryonic development
Lumen formation

Lurcher mutation

Mutant Huntingtin expression

Salmonella infection

Mutant a-synuclein expression

Experimentally induced
transmissible spongiform

Ischemic injury

Dilated cardiomyopathy

Aortic stenosis

Parkinson disease

Antimicrobial peptide treatment

Staurosporine treatment

Dual exposure to starvation and
differentiation-induced factor

Diphtheria toxin treatment
Chloroquine treatment

FGF withdrawal

Nerve growth factor withdrawal

Serum and potassium deprivation

Anisomycin treatment
N-methyl-p-aspartate treatment
Serum deprivation
5-Fluorouracil treatment
Resveratrol treatment
Anti-estrogen treatment
Arsenic trioxide treatment
Ceramide treatment

Endostatin treatment
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References

(8)
(99, 100; reviewed in ref. 7)

7,101)
103)

(

(

(10, 103-105)
(reviewed in ref. 7)

(reviewed in refs. 7, 8)

%

Alncludes only those references in which (a) autophagy is observed at the ultrastructural level, and (b) autophagy is postulated by the authors to be a cause
of death; excludes references in which (a) autophagy is assessed only at the light microscopic or biochemical level (e.g., by monodansylcadaverine stain-
ing, GFP-Atg8/LC3 staining, or LC3I-to-LC3Il conversion), or (b) autophagy is not postulated to be mechanistically important in death.
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Table 2

Examples of autophagy gene—dependent cell death, cell survival, and metazoan survival

Species Tissue/cell type ATG gene Setting? References
Cell death
Mammals
Mouse bax"-, bak--embryonic atg5, beclin 1 Etoposide or (24)
fibroblasts staurosporine treatment
Human L929 fibroblast cells, atg7z, beclin 1 Caspase inhibition (23)
U937 monocytoid cells
Cell survival
Yeast
Saccharomyces cerevisiae All ATG genes Starvation (27)
Protozoans
Dictyostelium discoideum ATG1,ATG5, ATGS, Starvation (28, 29)
ATG8,ATG12
Plants
Arabidopsis thaliana Leaves ATG7, ATG9 Starvation (30, 31)
Nicotiana benthamiana Leaves ATG3, ATG7, beclin 1, vps34 Pathogen infection/innate  (32)
immune response
Mammals
Mouse bax--, bak-- hematopoietic cells  atgh, atg7 IL-3 withdrawal (25)
Brain beclin 18 Alphavirus encephalitis (79)
Human Hela cells atgb, beclin 1, atg10, atg12 Starvation (36)

Metazoan survival

Caenorhabditis elegans unc-51, bec-1, atg7, atg8, atg18  Dauer development (34)
bec-1, atg8, atg18 Larval development (34)

Drosophila ATG1, ATG3 Larval/pupal development (85, 124)

Mouse beclin 1 Embryonic development (88, 89)
atgh Early postnatal starvation ~ (33)

ASetting indicates conditions in which mutation in the indicated autophagy gene blocks cell death, cell survival, or metazoan survival. BThe role of this gene was
assessed by overexpression; in all other studies referenced in the table, the role of each gene was assessed by RNAi silencing or loss-of-function mutation.

of either apoptosis alone or TRAIL signaling does not prevent
lumen formation, but simultaneous inhibition of apoptosis and
TRAIL signaling prevents cell clearance.

These findings suggest that both apoptosis and autophagy may be
involved in cavitation during mammary gland morphogenesis. How-
ever, to confirm a role for autophagy, it will be important to observe
whether luminal filling occurs if autophagy genes are inactivated in
cells with intact TRAIL signaling. It is not clear whether autophagy
is required for luminal cell death or for removal of cells committed
to death by an apoptotic pathway. Similarly, it is not known whether
autophagy is required for caspase-dependent death and/or for the
clearance of dying cells during insect metamorphosis.

Cross-talk between apoptotic signaling,

autophagy, and mitochondria

Several proapoptotic signals induce autophagy — e.g., compo-
nents of the extrinsic apoptosis pathway, TRAIL, TNF, and FADD
(21, 37-40); the calcium/calmodulin-regulated serine/threonine
kinases DRP-1 and DAPk (41); and ceramide (42, 43). Conversely,
antiapoptotic signaling pathways suppress autophagy — e.g., the
class I PI3K/Akt/TOR signaling pathway (reviewed in refs. 3, 44).
Coordinated regulation of apoptosis and autophagy is also reflect-
ed in the results of genome-wide analyses of transcriptional chang-
es during developmental programmed cell death of the Drosophila
salivary gland (45, 46).
2684
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The mitochondrion may integrate cell death signals and autoph-
agy activation. Mitochondria generate apoptotic signals but are
removed when damaged by autophagy; therefore, mitochondria
represent a nexus at which autophagy and apoptosis pathways
may interact. Accordingly, genes involved in mitochondrial physi-
ology and/or mitochondrial regulation of apoptosis interact with
the autophagy pathway. One example is the yeast gene, UTHI, that
encodes an outer mitochondrial membrane protein involved in
mitochondrial biogenesis and stress responses. Uthl mutants are
defective in degrading mitochondria during autophagy (47) and
survive and proliferate when expressing the mammalian proapop-
totic cell death gene bax or when treated with the autophagy inducer
rapamycin (48). These findings led Camougrand and colleagues to
suggest that Uth1p mediates mitochondrial autophagy and autoph-
agic death. However, it is not yet clear whether rapamycin induces
cell death versus cell cycle arrest in wild-type yeast, and whether the
phenotype of rapamycin-treated #thl mutant yeasts is due to direct
effects of UTHI and the autophagy pathway in death regulation.

In mammalian cells, Bcl-2 family members in the outer mito-
chondrial membrane modulate autophagy. Bcl-2 downregulation
increases autophagy in a caspase-independent manner in human
leukemic cells (49), and Bcl-2 overexpression inhibits both autoph-
agy and caspase-independent death in growth factor-deprived
neural progenitor cells and in serum- and potassium-deprived
cultured cerebellar granule cells (19, 50). Recent evidence suggests
Volume 115
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that Bcl-2 inhibits autophagy through a direct interaction with the
Beclin 1 autophagy protein and that the interaction between Bcl-2
and Beclin 1 may function as a rheostat that maintains autopha-
gy at levels that are compatible with cell survival rather than cell
death (51). In contrast, Bcl-2 or Bcl-x;. overexpression potentiates
autophagy and autophagy gene-dependent death in MEFs treated
with the proapoptotic stimulus etoposide (24). The basis for the
opposite effects of Bcl-2 family members on autophagy in different
settings is unclear. Furthermore, it is not yet clear that Bcl-2 pro-
teins function at the mitochondrion to regulate autophagy, since
autophagy is inhibited by Bcl-2 targeted to endoplasmic reticulum
but not by Bel-2 targeted to mitochondria (51).

The role of proapoptotic Bcl-2 family members in autophagy gene-
dependentlife-and-death decisions is also controversial. As discussed
earlier, bax~~, bak”~ cells undergo autophagy gene-dependent death
when treated with etoposide (24) but undergo autophagy gene-
dependent survival when deprived of trophic factor support (25). It
is possible that in the setting of bax/bak deficiency, the stimulus plays
a critical role in determining cell fate, and that etoposide, but not
growth factor deprivation, can target an intracellular pathway that
turns autophagy into a deadly process. Some atypical Bcl-2 family
members, including BNIP3 and Hspin, also activate autophagy and
nonapoptotic cell death (52-54), butitis not yet known whether this
caspase-independent cell death requires autophagy genes.

Another question is how the autophagy pathway recognizes dam-
aged mitochondria. The mitochondrial permeability transition
(MPT) may trigger the engulfment of depolarized mitochondria
by autophagy (55). However, it is not known whether inhibition
of autophagy increases the numbers of depolarized mitochondria
in mammalian cells or how a depolarized mitochondrion might
be targeted to autophagosomes. The MPT may represent a point
of convergence of apoptotic and autophagy pathways, since Bcl-2
family members regulate the MPT. The proapoptotic family mem-
ber Bax interacts with the voltage-dependent anion channel (56)
and/or the adenine nucleotide translocator (57) to induce the MPT
in cells and isolated mitochondria upon induction of apoptosis. It
is currently not clear, however, whether the MPT regulated by Bax
triggers mitochondrial turnover by autophagy.

In many canonical apoptosis pathways, the MPT is caspase-
dependent (58). Thus, if the MPT is a critical signal for mito-
chondrial degradation through autophagy, inhibition of caspases
should prevent the loss of mitochondria. However, Tolkovsky and
coworkers reported that, although caspase inhibitors effectively
inhibit neuronal cell death, they fail to prevent the formation of
autophagosomes or the degradation of mitochondria. In fact, the
long-term culturing of neurons in the presence of proapoptotic
stimuli and caspase inhibitors leads to the loss of mitochondria
(59, 60). Thus, the relationship among MPT, caspase-dependent
cell death, and mitochondrial autophagy remains unclear.

Autophagy in neurodegenerative diseases

The accumulation of mutant or toxic proteins plays a major role
in chronic neurodegenerative diseases (61). Morphologic evidence
of autophagy has been reported in neurodegenerative diseases
including Parkinson, Huntington, and Alzheimer diseases, and
transmissible spongiform encephalopathies (62-65). It is pos-
sible that autophagy activation contributes to neurodegeneration
(66, 67), but the evidence is correlative. A contrasting view is that
autophagy may be a protective mechanism to degrade mutant or
toxic proteins. According to this model, defects in autophagy-
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related pathways contribute to the accumulation of neurotoxic
proteins and the ensuing neuronal cell death. Although the exact
roles of autophagy in neurodegenerative diseases are not fully
defined, recent studies have provided some insights.

The protein a-synuclein is a major component of neuronal cyto-
plasmic inclusions that characterize Parkinson and other neu-
rodegenerative diseases (68). Although earlier studies suggested
that a-synuclein is degraded through both the proteasome and
classical autophagy pathways (69), a recent study demonstrated
that the turnover of a-synuclein is regulated by chaperone-medi-
ated autophagy, which involves the direct lysosomal targeting of
proteins containing specific pentapeptide recognition motifs (70).
Interestingly, pathogenic a-synuclein mutants associated with
familial, autosomal-dominant forms of Parkinson disease (71, 72)
are inefficiently degraded by chaperone-mediated autophagy.
Since the accumulation of wild-type a-synuclein in neuronal inclu-
sions is common in adult-onset neurodegenerative diseases, these
experiments suggest that defects in autophagy-related pathways
may contribute to multiple neurodegenerative diseases.

Consistent with this hypothesis, autophagy has also been impli-
cated in regulating the turnover of Huntingtin (Htt), the protein
involved in Huntington disease, an autosomal-dominant neuro-
degenerative disorder caused by the expansion of a polyglutamine
(polyQ) tract in Htt. Although the mechanism of neurotoxicity
mediated by expanded polyQ is still controversial, expanded polyQ
provokes a dominant gain-of-function neurotoxicity, regardless of
the specific protein context within which it resides. The accumula-
tion of expanded polyQ-containing proteins in insoluble aggre-
gates in affected neurons is a hallmark feature of Huntington and
other polyQ expansion diseases (73).

Although neuronal Htt proteins in inclusions are highly ubiq-
uitinated, polyQ is a poor substrate for proteasomes (74). Thus,
the highly ubiquitinated state of Htt inclusions may indicate the
inability of proteasomes in affected neurons to clear abnormal
Htt proteins. In contrast, there is pharmacologic evidence to sug-
gest a role for autophagy in the degradation of the N-terminus
of Het. For example, 3-MA increases the aggregation of Htt with
expanded polyQ in clonal striatal cells (62). Rapamycin, an inducer
of autophagy, reduces the aggregation of expanded polyQ in trans-
fected cells (75), protects against neurodegeneration in a fly model
of Huntington disease, and improves performance on behavior-
al tests and decreases aggregate formation in a mouse model of
Huntington disease (76). These results suggest a possible role of
autophagy in the turnover of expanded polyQ proteins and in pro-
tection of neurons against their toxicity.

Autophagy and infectious diseases

The autophagic machinery is used to degrade intracellular patho-
gens (reviewed in refs. 77, 78) including intracellular bacteria (e.g.,
Shigella flexneri and Mycobacterium tuberculosis), mammalian viruses
that produce encephalitis (e.g., alphaviruses and herpes simplex
virus), and plant viruses (32, 78-81). It also may be used to degrade
invading extracellular pathogens such as group A Streptococcus (82).
It is reasonable to propose that autophagy might promote cellular
survival during pathogen invasion because of either enhanced deg-
radation of intracellular pathogens and consequent decreases in
microbial replication; enhanced degradation of specific cytotoxic
microbial virulence products; or preservation of cellular nutrient
status during a period of microbial parasitism (which mimics nutri-
ent starvation). However, with the exception of the finding that
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forced expression of the beclin 1 autophagy gene protects against
Sindbis virus-induced apoptosis in mouse brains (in parallel with
decreasing viral replication) (79), direct proof of a cell-autonomous,
pro-survival role of autophagy in pathogen infection is lacking.
Moreover, it has been proposed that a virulence protein, SipB, of
the intracellular pathogen Salmonella enterica causes macrophage
death by inducing autophagy, perhaps by triggering mitochondrial
fusion with autophagosomes (83). Yet, in this study, there was no
direct evidence that macrophage cell death was caused by, rather
than simply associated with, autophagy. Further studies in autoph-
agy-deficient host organisms are required to determine the role of
autophagy in life-and-death decisions during pathogen infection.

Autophagy and cancer
Cancer results from the dysregulation of pathways that regulate
cell differentiation, cell proliferation, and cell survival. Autophagy
may protect against cancer by sequestering damaged organelles,
permitting cellular differentiation, increasing protein catabolism,
and/or promoting autophagic death. Alternatively, autophagy
may contribute to cancer by promoting the survival of nutrient-
starved cells. Recent data are most consistent with a model in
which autophagy contributes to tumor suppression and defects
in autophagy contribute to oncogenesis. Biochemical evidence in
mammalian cells and genetic evidence in C. elegans and Drosophila
indicate that autophagy is positively regulated by the PTEN tumor
suppressor gene and negatively regulated by the oncogenic class I
PI3K signaling pathway (14, 34, 84, 85). Furthermore, the mam-
malian autophagy gene beclin 1 has tumor suppressor activity in
breast carcinoma cells (86), is commonly deleted in human breast
ovarian and prostate cancer (87), and is a haploinsufficient tumor
suppressor gene in mice (88, 89).

Several theories regarding the role of autophagy-dependent
death and autophagy-dependent survival in cancer biology have
been proposed (3, 66, 90-94). One is that autophagy-dependent
death is a mechanism of tumor suppression. However, there are
no direct data to support this hypothesis. In contrast, studies in
cells and animals with a deficiency in beclin 1 suggest that death
induction may not be involved in the tumor suppressor func-
tion of this autophagy gene. Beclin 17/~ ES cells are not resistant
to death triggered by UV irradiation or serum withdrawal, and
beclin 17/~ null animals die early during embryogenesis with mas-
sive cell death (89). Moreover, in beclin 1 heterozygous-deficient
mice (with reduced tissue levels of autophagy), there is hyperp-
roliferation of mammary epithelial cells during glandular mor-
phogenesis and increased antigen-driven proliferation of B cells
without decreased cell death (88). Together, these observations
suggest that the role of the beclin 1 autophagy gene in tumor
suppression is related not to cell death induction, but rather to
inhibition of cellular proliferation.

It is possible that autophagy is involved in the spontaneous or
chemotherapy-induced death of existing tumor cells. Although
the role of autophagy in cell death in apoptosis-competent cells
is unclear, autophagy gene-dependent death in cells crippled in
apoptosis (e.g., zVAD-treated cells; bax -, bak”~ cells) may have rel-
evance for cancer biology and therapy, since human tumor cells fre-
quently contain mutations that render them resistant to apopto-
sis. One prediction is that such cells have an increased dependency
on autophagy pathways for self-destruction, and that the impact
of decreased autophagy-dependent cell death on tumor progres-
sion may be greater in tumor cells that are resistant to apoptosis.
2686
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Another prediction is that the enhanced autophagy-dependent
death potential of apoptosis-resistant tumor cells might be
exploited therapeutically by the administration of autophagy-
inducing agents. Indeed, there are examples of putative autopha-
gic cell death in cancer cell lines treated with chemotherapeutic
agents (Table 1). During tamoxifen-induced death of MCF7 cells (a
cell type that contains a mutation in caspase-3), there is a marked
upregulation of Beclin 1 autophagy protein expression (42, 90),
and, in some examples, chemotherapy-induced autophagic cell
death is inhibited by 3-MA (16, 42, 95). However, evidence proving
that autophagy is a bona fide death pathway in chemotherapy-
treated cancer cells is lacking. In addition, rapamycin, an inhibi-
tor of TOR kinase that has promising antitumor effects in human
clinical trials (96), is one of the most potent known inducers of
autophagy but is not known to induce autophagic cell death.

In contrast to potential pro-death effects, more clearly estab-
lished pro-survival effects of autophagy during nutrient starva-
tion might foster tumor initiation and/or progression (3, 91, 93).
As tumor cells grow beyond their blood supply, they are exposed
to nutrient-limiting conditions, and it is possible that trans-
formed cells use autophagy as a survival strategy in this setting.
It has been proposed that such a need for autophagy in tumor
initiation might explain the retention of the wild-type allele
in all tcumors arising in beclin 1%/~ mice (92). However, the role
of autophagy in tumor cell survival in vivo has not been tested
experimentally. Moreover, in considering the net effect of autoph-
agy on tumorigenesis, it is important to recognize its other func-
tions that could contribute to restricting tumorigenesis (e.g., the
degradation of certain proteins or organelles required for cell
growth and/or the degradation of damaged mitochondria and
other organelles that generate genotoxic stress and increase the
likelihood of oncogenic mutations).

Conclusion

Autophagy functions across a diverse range of species as a pro-
survival pathway during nutrient deprivation and other forms
of cellular stress. Paradoxically, in cells that cannot die by apop-
tosis and, more speculatively, in cells that cannot be removed
by engulfment cells, the autophagic machinery may also be
used for self-destruction. The challenge for scientists will be to
understand the molecular basis of this paradox. The challenge
for clinicians will be to selectively turn on or turn off autophagy
gene-dependent survival and death pathways in the treatment of
different clinical diseases.
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