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Life and death partners: apoptosis, autophagy and the
cross-talk between them

A Eisenberg-Lerner1, S Bialik1, H-U Simon2 and A Kimchi*,1

It is not surprising that the demise of a cell is a complex well-controlled process. Apoptosis, the first genetically programmed
death process identified, has been extensively studied and its contribution to the pathogenesis of disease well documented. Yet,
apoptosis does not function alone to determine a cell’s fate. More recently, autophagy, a process in which de novo-formed
membrane-enclosed vesicles engulf and consume cellular components, has been shown to engage in a complex interplay with
apoptosis. In some cellular settings, it can serve as a cell survival pathway, suppressing apoptosis, and in others, it can lead to
death itself, either in collaboration with apoptosis or as a back-up mechanism when the former is defective. The molecular
regulators of both pathways are inter-connected; numerous death stimuli are capable of activating either pathway, and both
pathways share several genes that are critical for their respective execution. The cross-talk between apoptosis and autophagy is
therefore quite complex, and sometimes contradictory, but surely critical to the overall fate of the cell. Furthermore, the cross-
talk is a key factor in the outcome of death-related pathologies such as cancer, its development and treatment.
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Autophagy, a process long known to provide a survival
advantage to cells undergoing nutrient deprivation or other
stresses, has also been more recently linked to the actual
death process itself. Thus apoptosis is not the sole means by
which the cell can undergo a genetically programmed
regulated process by which it undergoes self-elimination. Cell
death can occur by several mechanisms and the phenotypic
changes that accompany cell death can vary depending on
the stimulus and cell setting. In any given death scenario, the
cell decides which pathway to use, depending on the nature of
the stimulus and the particulars of the cell environment.
Furthermore, apoptosis and autophagy are not mutually
exclusive pathways. They have been shown to act in synergy
and also to counter each other. They share many of the
same molecular regulators. In a clinical setting, one cannot
predict the outcome of inhibition or activation of one death
program without considering the effect on the other. This
review will focus on the cross-talk between the autophagic
and apoptotic pathways, with an analysis of how this may
affect the clinical applications of death suppression/activation
to cancer. The process of necrosis, the third means by which
the cell can undergo a genetically programmed self-elimina-
tion, will not be discussed in detail. Although not intended to
provide an exhaustive summary of the recent literature, the
discussion will include salient experimental results as

examples of the different facets of the apoptosis/autophagy
interplay.
An issue that has been raised and discussed in the literature

is that in many cell settings, autophagy accompanies, rather
than causes, cell death.1 This argument is based on the fact
that many studies that claim autophagic cell death prove
that autophagy occurs, and that death ensues, but do not
rigorously show that one causes the other. The observation
that inhibition of autophagy results in significant attenuation of
cell death is stronger evidence for autophagic cell death, as
long as this manipulation is specific for autophagy. For
example, studies that knock down or delete specific auto-
phagy genes such as Atg7 aremore valid than those that target
only Atg5, which has also been shown to regulate apoptosis
(see below), or those that use drugs such as the PI(3)K
inhibitor 3-MA or inhibitors of lysosomal function in general.
Furthermore, these studies must verify that apoptotic cell
death, which often accompanies autophagy, is not affected by
these manipulations, by verifying that markers of apoptosis,
such as caspase activity, chromatin degradation and so on,
are not suppressed by autophagy inhibition. Although many
studies fail to achieve these criteria, numerous studies do
clearly indicate the presence of bona fide autophagic cell
death, and we will assume the position that both apoptosis
and autophagy are legitimate means of self-killing.
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Conceptual Cross-talk

Three different types of interplay have come to light, each of
which is equally valid for a particular cell type, stimulus and
environment (Figure 1). Both apoptosis and autophagy can
act as partners to induce cell death in a coordinated or
cooperative manner (Figure 1a); autophagy acts as an
antagonist to block apoptotic cell death by promoting cell
survival (Figure 1b), or autophagy acts as enabler of
apoptosis, participating in certain morphologic and cellular
events that occur during apoptotic cell death, without leading
to death in itself (Figure 1c).

The partner. In this relationship, both apoptosis and auto-
phagy cooperate to lead to cell death. A corollary of this is

that if one program is blocked (by genetic defect or
pharmacological inhibition), the other takes over. In this
scenario, the death programs serve as back-ups to ensure
efficient cell death. They may occur simultaneously and even
cooperatively, although one may predominate and therefore
obscure evidence of the other. Or, alternatively, the second
pathway may only be activated upon the failure of the first,
implying that the first death pathway provides a means of
blocking the second as long as it is functional. In either of
these cases, the goal of both death programs is the same,
that is, to eliminate the cell. The cooperativity and/or negative
feedback imply that there is coordination between the
pathways. This may occur at the activation level, or there
may be a built-in molecular gauge to measure the efficiency
of one so that the other knows to take over.

Figure 1 Schematic representation of the cross-talk between apoptosis and autophagy. (a) Autophagy and apoptosis are partners, both leading to cell death. They may
act independently in parallel pathways (1), or one may influence the other. Autophagy has been shown to be necessary for apoptotic cell death, placing it upstream of
apoptosis, whereas simultaneously modulating an independent means of death (2). Or, apoptosis may suppress autophagy, so that the latter is only evident on inhibition of
apoptosis (3). (b) Autophagy antagonizes apoptotic cell death by promoting cell survival, through, for example, the removal of damaged organelles that are a source of
genotoxic ROS, or by catabolizing cellular macromolecules to provide a source of nutrients and energy for the starved cell, or by limiting ER stress through the degradation of
unfolded protein aggregates. These functions block the stimuli that would trigger an apoptotic response. (c) Autophagy, although not leading to cell death by itself, enables the
apoptotic program by participating in certain morphological changes, such as ATP-dependent events such as PS exposure and membrane blebbing
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Numerous studies showing the cooperative relationship
between apoptosis and autophagy exist in the literature.
Several commonly known inducers of apoptosis have been
shown to also activate autophagy, such as etoposide in
mouse embryonic fibroblasts (MEFs),2 ceramide in breast and
colon carcinoma3 and activation of the TRAIL receptor-2 in
cancer cells.4 Furthermore, the simultaneous activation of
both pathways has been observed in experimental settings
and in clinical trials. For example, arsenic trioxide treatment
of T-lymphocytic leukemias activated both apoptosis and
autophagy and both processes contributed to cell death and
complete tumor remission.5 Both autophagy and apoptosis
were likewise induced and necessary for cell death on
treatment of Kaposi’s sarcoma with imatinib,6 PC3 prostate
cancer cells with the proteasome inhibitor MG132 7 and HL-60
leukemia cells with vitamin K2.8 In the last case, autophagy
was especially prominent when apoptosis was blocked by the
expression of Bcl-2. Following endoplasmic reticulum (ER)
stress, characteristics of both apoptosis and autophagy were
present in the mouse kidney and in cultured MEFs, and
suppression of both death programs through the knock down
or knockout of apoptotic and autophagic genes was neces-
sary to achieve a significant increase in cell survival.9

Furthermore, there are several reported cases in which
autophagy actually enhances caspase-dependent cell death
and is required for the latter. As a result, blocking autophagy
prevents apoptosis. For example, autophagy and apoptosis
are sequentially observed inmodels for HIV infection of CD4þ

T lymphocytes, utilizing the expression of HIV envelope
glycoprotein on co-cultured cells or the expression of its cell
surface receptor, CXCR4, on the target cell.10 Inhibition of
autophagy by the knock down of Atg7 or Beclin 1, or treatment
with 3-MA, suppressed caspase activation and attenuated cell
death. In contrast, inhibition of apoptosis accelerated the
induction of autophagy markers and only partially attenuated
cell death. This implies that autophagy functions both
upstream of apoptosis and independently leads to cell death.
A similar relationship was observed in light-damaged retinas
in the intact mouse or H2O2-treated photoreceptor cells,
treatments that induce oxidative stress.11 Inhibition of either
pathway partially rescued cell survival, and autophagy was
again shown to be necessary for the induction of apoptosis.
Interestingly, simultaneous inhibition of both pathways led to
increased cell death by necrosis, which was not evident as
long as one of the other death programs was functional.11

Inhibition of autophagy likewise prevented apoptosis following
several other death signals, including TNFa treatment of
sarcoma cells in combination with NF-kB suppression,12 ER
stress in non-transformed fibroblasts,13 and serum and
potassium deprivation of cerebellar granule cells.14 In this
last case, caspase-3 activation and apoptosis were depen-
dent on the release of cathepsin B from an endosomal/
lysosomal compartment, suggesting a possible molecular link
between autophagy and apoptosis.
Under other circumstances, autophagy is restrained by the

apoptotic pathway and is evident only when the latter is
inhibited. For example, autophagic cell death mediated by the
receptor-interacting protein and c-jun N-terminal kinase (JNK)
was activated on inhibition of caspase-8.15 Cell death was
attributed to the selective autophagic degradation of catalase,

leading to the accumulation of reactive oxygen species (ROS)
and mitochondrial outer membrane permeability (MOMP),
which was inhibited by the knock down of Atg7 or Atg8.16

Similarly, etoposide, staurosporine or thapsigargin (an
inducer of ER stress) activated autophagy in apoptosis-
incompetent Bax/Bak�/� MEFs, and cell viability was
rescued by the inhibition of autophagy.17 Cell death was
likewise blocked by Beclin 1 RNAi and chemical inhibitors of
autophagy in macrophages treated with lipopolysaccharides
and the caspase inhibitor zVAD, the combination of which
resulted in autophagy.18

In all of the diverse situations described above, apoptosis,
autophagy or both are used to eliminate the cell. The end
result is the same for each pathway, in some cases achieving
this end in a cooperative manner, and in some cases, in a
mutually exclusive manner that acts as a back-up.

The antagonist. In this case, apoptosis and autophagy
are distinct processes with disparate goals. Autophagy does
not lead to cell death, but instead acts to attenuate apoptosis
by creating a cellular milieu in which survival is favored. For
example, in various settings of ER stress it has been shown
that autophagy can maintain ER function through the
consumption of protein aggregates and misfolded proteins,
thus limiting the ER stress response and subsequent
apoptosis.13,19–22 Interestingly, in one case of ER stress in
MEFs, autophagy promoted survival only in apoptosis-
competent cells; in Bax/Bak�/� cells, autophagy was
associated with increased necrotic cell death.23 Autophagy
can also serve to provide a source of energy and nutrients
when these factors are limited, by catabolizing cellular
organelles and macromolecules, thereby prolonging cell
viability. Thus, autophagy was shown to be essential to
survival during periods of starvation in adult mice24 and
neonatal mice in the feeding adaptation period that
immediately follows birth,25 and in several cell culture
models of nutrient depletion.26,27 Autophagy was also shown
to protect non-transformed epithelial cells from anoikis, the
loss of matrix attachment that induces apoptotic cell death.28

Autophagy is also a mechanism to maintain genomic
integrity in the face of metabolic stress, drug treatment
or radiation damage,29–32 for example, by scavenging
depolarized mitochondria that are a source for genotoxic
ROS, a process known as mitophagy.33 Consistent with this,
in the absence of autophagy, DNA damage, gene amplifica-
tion and chromosomal abnormalities were evident following
metabolic stress in tumor cells.29,30 Such overwhelming DNA
damage would normally activate an apoptotic response.
Accordingly, inhibition of autophagy in breast, prostate and
colon cancer cells, and inmalignant glioma cells enhanced the
death response of these cells to radiotherapy.31,32 Likewise,
inhibition of autophagy increased the antineoplastic potency
of the histone deacetylase inhibitor SAHA in imatinib-resistant
primary CML cells34 and the antiangiogenic effects of kringle 5
in endothelial cells, by activating apoptotic cell death.35

Furthermore, mitophagy may directly limit apoptosis by
preventing MOMP and the subsequent release of pro-apop-
totic molecules such as cytochrome C and Smac/Diablo.33

Thus, the cell utilizes autophagy to promote survival
in many circumstances. As a corollary, suppression of
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autophagy can promote apoptosis in these cell settings as a
response to DNA damage, ER stress or loss of nutrient and
growth factor signaling pathways.

The enabler. In this interplay, autophagy assists the
apoptotic program without leading to death in itself, by
enabling the execution of particular components of apoptotic
cell death. For example, autophagy-dependent maintenance
of cellular ATP levels during nutrient deprivation enables
phosphatidylserine exposure, an ATP-dependent process.
Furthermore, in vivo, phosphatidylserine exposure provides
the ‘eat me’ signal to neighboring phagocytes and thus
mediates cell engulfment and clearance of apoptotic bodies.
In the absence of autophagy, or an external source of ATP,
cell corpses persist during embryonic developmental
apoptosis, indicating that autophagy is indirectly required
for this stage as well.36 Membrane blebbing is also an
energy-dependent event, which requires ATP-driven acto-
myosin contraction, and thus autophagy may participate in
this process.37 This cross-talk may be mistaken for a
causative role in apoptotic cell death (as in the section The
Partner above), when in fact autophagy may only be
necessary for a particular hallmark of apoptosis. Thus, cell
death assays such as Annexin V binding that examine an
ATP-dependent feature should be supplemented with other
independent criteria. When autophagy acts as an enabler, its
inhibition is predicted to prevent the ATP-dependent features
only, without affecting other apoptotic responses, whereas
according to the causative model, suppression of autophagy
should prevent the entire set of molecular events
characteristic of apoptosis.

Molecular Cross-talk

At the molecular level, the cross-talk between apoptosis and
autophagy is manifested by the numerous genes that are
shared by both pathways. These include regulatory genes
such as p53 and p19ARF, as well as some of the basic
machinery that execute the death programs (e.g. Atg5, Bcl-2).
Thus, stimuli that lead to the activation or suppression of these
genes will affect both pathways.

The mammalian target of rapamycin signaling
pathway. The cross-talk between apoptosis and
autophagy can exist at the level of the signal-transduction
pathways that sense death/survival signals and translate
them to molecular events that activate or inhibit the specific
death programs. Mammalian target of rapamycin (mTOR)
and its regulators (Figure 2a) play a pivotal role as molecular
sensors of cellular energy, growth factor and nutrient levels,
and promote cell growth and protein synthesis, and the
inhibition of autophagy, when these factors are abundant
(reviewed in Corradetti and Guan38 Guertin and Sabatini39).
When they are scarce, mTOR is inactivated and autophagy is
induced as a compensatory mechanism. This is mediated, at
least in yeast, by the Atg1 kinase and its positive regulator
Atg13. When active, yeast TOR phosphorylates Atg13,
preventing its association with Atg1 (mammalian Ulk1/2),
thereby blocking Atg1’s function, which is critical for
autophagosome formation. mTOR activity is regulated by

Rheb, a small GTP-binding protein that activates mTOR in its
GTP-bound form. GTP hydrolysis, promoted by the tuberous
sclerosis complex 1/2 (TSC1/TSC2) dimer, inactivates Rheb,
thus negatively regulating mTOR activity. Numerous signal-
ing molecules regulate mTOR activity through modulation of
these regulatory factors. For example, Akt, ERK or RSK, all
of which are activated by growth factors of the class I PI(3)K
pathway, phosphorylate and inactivate TSC1/TSC2, thus
enabling Rheb activation of mTOR and consequent inhibition
of autophagy (reviewed in Corradetti and Guan38 Guertin and
Sabatini39). Conversely, AMP-activated kinase (AMPK),
which is activated by high AMP/ATP ratios present when
nutrients are limited, induces autophagy through a phos-
phorylation event that stimulates TSC1/TSC2 activity
(reviewed in Wouters and Koritzinsky40). The signaling mole-
cules described here are by no means specific to autophagy
and have a wide range of activities within the cell, in
particular in the context of cell survival or death. Many, such
as Akt and ERK, activate pathways that also affect apoptosis
(reviewed in Song et al.,41 McCubrey et al.42 and Ballif and
Blenis43). For example, Akt- or RSK2-mediated phos-
phorylation of Bad, a BH3-only member of the Bcl-2 family,
leads to its dissociation from Bcl-2, freeing Bcl-2 to inhibit
Bax/Bak-mediated apoptosis. Additionally, Akt antagonizes
the transcriptional activity of the FOXO family of transcription
factors by direct phosphorylation, and also p53, by the
phosphorylation of Mdm2, resulting in reduced expression of

Figure 2 Autophagic signaling events. (a) The mTOR pathway and its
regulators. Through modulation of TSC1/TSC2, mTOR is activated by growth factor
signaling and inactivated by elevated AMP/ATP ratios. (b) The two ubiquitin-like
conjugating systems are necessary for the elongation of the autophagosome
membrane. The Atg5–Atg12 dimer facilitates LC3-PE conjugation and the
multimeric complex with Atg16L determines its site of tethering to the initiation
membrane, before the complex is released as the autophagosome matures
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several pro-apoptotic genes. Conversely, phosphorylation of
CREB by either ERK-activated RSK1 or Akt activates its
transcriptional activity toward antiapoptotic genes such as
Bcl-2/XL. Akt also negatively regulates several kinases that
lie upstream of JNK, thereby inhibiting JNK activation and its
pro-apoptotic functions.

Atg5. Atg5 is one of the components of the basic autophagic
machinery (Figure 2b; reviewed in Gozuacik and Kimchi44).
It participates in the two ubiquitin-like conjugation systems
that are essential for elongation of the autophagosome
membrane during vacuole formation. In the first step, Atg5 is
covalently conjugated to Atg12, a ubiquitin-like protein, a
reaction facilitated by the E1 and E2-like proteins Atg7 and
Atg10, respectively. The Atg12–Atg5 dimer then binds
Atg16L, forming a large multi-protein complex, which is
recruited to the forming autophagosome’s isolation mem-
brane through Atg16L. In the second conjugation system,
Atg7 and Atg3 similarly act as E1 and E2 enzymes mediating
the conjugation of Atg8 (mammalian LC3) to the lipid phos-
phatidylethanolamine (PE). The Atg12–Atg5 dimer has
E3-like activity for Atg8 conjugation to PE45 and the site of
LC3 lipidation is determined by the membrane localization
of the Atg16L complex46 (see Figure 2b). Lipidation of
Atg8, which occurs only under stimulation of autophagy,
converts Atg8 from its soluble cytoplasmic form (LC3-I) to
the membrane-bound, autophagosome-associated, form
(LC3-II), which is required for membrane expansion.
Atg5, in addition to its essential role in autophagy, can also

influence apoptotic signaling pathways. Following various
apoptotic stimuli, Atg5 is cleaved by calpain, forming an
N-terminal product that translocates to the mitochondria,
interacts with Bcl-XL and promotes cytochromeC release and
caspase activation.47 Thus, Atg5 is appropriated away from
the autophagy pathway and recruited to the apoptotic
signaling pathway. Furthermore, one can assume that this
cross-talk is a mechanism by which apoptosis suppresses
autophagy, perhaps under circumstances when the latter’s
pro-survival functions would counter cell death.

Bcl-2 proteins. Bcl-2 is probably the most well-known
inhibitor of cell death; its isolation as an oncogene was the
first indication that inhibition of cell death can lead to
tumorigenesis.48 The cytoprotective function of Bcl-2 stems
from its ability to antagonize Bax/Bak, block MOMP, and thus
prevent apoptosis. More recently, Bcl-2 was also shown
to inhibit autophagy,49 whereas several other family mem-
bers or modulators activate autophagy (reviewed in Levine
et al.50). These regulate autophagy through the Vps34
kinase complex, a class III PI(3)K that is necessary for
autophagosome formation. The complex contains multiple
proteins that are essential for kinase activity, including Beclin 1
(the mammalian homolog of Atg6), UVRAG, Ambra1 and Bif-1
(Figure 3). Bif-1, a member of the endophilin B family, also
regulates apoptosis by binding and/or activating Bax/Bak.51

Beclin 1 binds Bcl-2/Bcl-XL through a BH3 domain that
mediates docking to the latter’s BH3-binding groove. The
binding of Bcl-XL to Beclin 1 interferes with Beclin 1/Vps34
complex formation by reducing Beclin 1’s monomerization and
interaction with UVRAG.52 The constitutive Bcl-2/Bcl-XL–

Beclin 1 association is disrupted by signals that promote
autophagy. For example, Beclin 1 is phosphorylated
by death-associated protein kinase (DAPk) (see below) in
the BH3 domain, which reduces its affinity for Bcl-XL.

53 In
the reciprocal manner, JNK phosphorylates Bcl-2, triggering
its release from Beclin 1,54 following starvation or ceramide-
induced autophagy.3,54 A second mechanism leading to
dissociation of the complex involves the competitive
displacement of Beclin 1’s BH3 domain from Bcl-2/Bcl-XL by
other BH3-containing proteins,50 such as BNIP3.55 BNIP3 is a
BH3-only member of the Bcl-2 family that is upregulated by
hypoxia and previously reported to play a role in apop-
tosis.56 It should also be noted that Beclin 1 and Vps34
are not always essential for autophagy; a non-canonical
autophagic pathway, occurring independently of Beclin 1 and
Vps34, was demonstrated in neurons treated with the
neurotoxin 1-methyl-4-phenylpyridinium57 and in breast
cancer cells treated with the polyphenol resveratrol.58 In
both cases, the non-canonical autophagy induced cell death.
Interestingly, Bcl-2, which antagonizes canonical autophagy,
had a stimulatory effect on resveratrol-induced autophagy.59

It is not clear how the apoptotic versus autophagic functions
of the Bcl-2 family members are determined. A simple
explanation is that the different functions are spatially
separated and determined by the proteins’ localizations at
the mitochondria or ER. For example, ER-localized Bcl-2, but
not the mitochondrial pool, is regulated by JNK phosphory-
lation. Mitochondrial pools of ceramide, on the other hand, can
lead to the dephosphorylation of Bcl-2 by protein phosphatase
2A, thereby activating apoptosis.60

p53. p53 is a known activator of apoptosis, responsible
for upregulating pro-apoptotic genes at the transcriptional
level, such as Bax, PUMA and NOXA, and inhibiting the
expression of antiapoptotic ones, such as Bcl-2 (see Fridman
and Lowe61 for review). Cytoplasmic p53 also enhances
Bax-induced MOMP. More recent reports suggest that p53
positively regulates autophagy as well (Figure 3). One
mechanism proposed involves the inhibition of the mTOR
pathway following activation of p53 by the DNA-damaging
agent etoposide. mTOR inhibition was dependent on
AMPK activation by p53 and required TSC1/TSC2.2 Trans-
criptional activation of damage-regulated modulator of
autophagy (DRAM), a lysosomal membrane protein that
is upregulated by p53 following DNA damage, is a second
means by which p53 can induce autophagy.62 Interestingly,
DRAM expression was required for p53-induced autophagy
and subsequent cell death, as well as apoptotic cell death
from DNA-damaging agents. Thus, signals that activate p53
can lead to both apoptosis and autophagy.
Interestingly, p53 may play a dual role in autophagy

regulation. In contrast to the positive effects on autophagy
described above, loss of p53 function (through genetic
manipulation or pharmacological inhibition) is in itself suffi-
cient to trigger full activation of autophagy.63 The antiauto-
phagic property was attributed to cytoplasmic p53. Several
autophagic stimuli induce HDM2-dependent degradation of
p53, enabling autophagy by eliminating the restrictive p53.63

Note that the autophagy described here is not associated with
cell death, but rather promotes cell survival. For example,
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cancer cells lacking p53 utilize the enhanced autophagy to
maintain ATP levels in conditions of nutrient and energy
deprivation. Thus, regulation of autophagy by p53 is depen-
dent on p53 localization; nuclear p53 favors induction of
autophagy, leading to cell death, whereas cytoplasmic
accumulation represses basal pro-survival autophagy. Loss
of p53 thus provides two levels of growth advantage to tumor
cells; it removes two mechanisms of eliminating the cell in
response to genotoxic stress, and at the same time, enables
cell survival under limiting nutrient conditions. Paradoxically,
each of these exploits the same process, autophagy, utilizing
its opposing functions.

ARF. The ARF tumor suppressor protein (p14ARF in human
and p19ARF in mouse), a product of the INK4A/ARF locus,
has also been linked to both apoptosis and autophagic cell
death (Figure 3). p19ARF is an upstream activator of p53,
leading to the latter’s protein stabilization by antagonizing
p53’s negative regulator Mdm2. As such, it functions in the
p53 regulatory pathway to induce apoptotic genes and/or
autophagy. The p19ARF mRNA can also produce a second,
small isoform, known as smARF, which is generated by
internal translation.64 smARF lacks the N-terminal domains
that mediate nuclear localization and Mdm2 binding, and
instead localizes to the mitochondria, induces mitochondrial

depolarization and autophagic cell death. Within a proteinase
K-resistant compartment of the mitochondria, smARF inter-
acts with the p32 mitochondrial protein, which stabilizes
smARF and as a consequence, increases its ability to cause
mitochondrial membrane dissipation and autophagy.65 Full-
length p19ARF and its N-terminal domain were also shown to
induce autophagy on overexpression in p53-containing cells
and in p53-deficient cells, the latter indicating a mechanism
that does not involve the p53-mediated autophagy des-
cribed above.66 Yet, a further detailed study established that
nucleolar localized full-length p19ARF, unlike the mito-
chondrial smARF, is incapable of inducing p53-independent
autophagy.67 An additional study suggested that human
p14ARF also localizes to the outer membrane of mito-
chondria where it binds Bcl-2/XL, thereby reducing the latter’s
association with Beclin 1,68 although it is unclear how an
interaction at the mitochondria affects the ER-localized Bcl-2/
Beclin 1 complex. Oncogene expression results in the induc-
tion of both full-length p19ARF and smARF,64 suggesting
that smARF’s contribution to autophagy is more prominent
upon specific cell signals.

DAPk. One of the most striking among the commonly
shared genes is DAPk, a Ca2þ /calmodulin-regulated Ser/
Thr kinase that associates with the cytoskeleton.69 DAPk is a

Figure 3 Common molecular regulators: genes that affect both autophagy and apoptosis and the pathways that they influence. Green-shaded area and green arrows
indicate autophagic program, whereas red shading and arrows indicate apoptosis. Black arrows are upstream signaling events, and various cellular compartments are labeled
as such. Phosphorylation events are indicated by P. *It is noted that although both UVRAG and mammalian Atg14 have been shown to bind Beclin 1 and to be essential for
autophagosome formation, the exact nature of the complex on the isolation membrane is controversial, and in contrast to the simplistic presentation here, UVRAG and Atg14
may define two distinct Beclin 1/Vps34 complexes
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tumor suppressor, functioning as part of an early p53-
dependent transformation checkpoint and also as an inhibitor
of metastasis.69 Although the antimetastatic properties can
be attributed directly to DAPk’s effects on cell motility,70,71

most of its tumor-suppressive nature stems from its ability to
modulate both apoptosis and autophagy (Figure 3). DAPk
activity was shown to be necessary for apoptotic cell death
induced by death receptor activation, hyperproliferation signals
generated by forced oncogene expression, anoikis induced by
loss of adhesion, ceramide and TGFb.69 Furthermore, DAPk
activity is also required for autophagic cell death, such as that
induced by IFNg in HeLa cells,72 and mutation or knock down
of the Caenorhabditis elegans DAPk ortholog attenuated
starvation-induced autophagy in the pharyngeal muscle.73

Interestingly, tunicamycin-induced ER stress resulted in both
apoptosis and autophagy in MEFs, both of which were reduced
in DAPk�/� cells.9 Thus, in this system, DAPk regulates both
death processes simultaneously, suggesting a critical role for
DAPk as an integrator of apoptotic/autophagic cross-talk.
Furthermore, ectopic expression of DAPk has been shown to
induce autophagic vesicle formation and membrane blebbing,
the latter a characteristic observed in cells dying by either
apoptosis or autophagy.37

DAPk’smultiple roles in cell death are likely mediated by the
phosphorylation of multiple substrates, although only a limited
number of such substrates have been identified69 (Figure 3).
Its ability to induce membrane blebbing and influence stress
fiber formation stems from its ability to phosphorylate myosin
II regulatory light chain (MLC).74,75 As mentioned above,
DAPk phosphorylates Beclin 1, thereby reducing the latter’s
binding to Bcl-XL, presenting a mechanism by which it may
induce autophagy.53 The phosphorylation was mapped to a
single site (T119) within Beclin 1’s BH3 domain and was
shown to be critical for the dissociation of this important
complex.53 DAPk has also recently been shown to interact
with MAP1B,76 which can bind LC3 and associate with
autophagosomes on phosphorylation.77 In addition, DAPk
influences overall cell survival bymodulating several signaling
molecules. DAPk upregulates p53 through a mechanism that
requires p19ARF.78 As p53 can activate either apoptosis or
autophagy, this potentially links DAPk to both death path-
ways, in addition to its p53-independent effects on auto-
phagy.37 ERK, which phosphorylates and activates DAPk, is
in turn regulated by DAPk, which promotes its retention in the
cytoplasm. This results in the inhibition of ERK’s nuclear
functions, including pro-survival signaling that counter apop-
tosis.79 DAPk has also recently been shown to phosphorylate
PKD, which leads to the activation of JNK and necrotic cell
death during oxidative stress.80

E2F1. The E2F family of transcription factors has been
implicated in various signaling pathways leading to cell death
and survival. E2F1 triggers apoptosis by upregulating p53
through p19ARF, an E2F1 target gene, and by enhancing
p53-mediated transactivation of pro-apoptotic genes.81

More recently, E2F1 was shown to induce autophagy by
upregulating the expression of the autophagy genes LC3,
Atg1, Atg5 and DRAM.82 Thus, E2F1 is a molecular link
between genes necessary for apoptosis and genes involved
in autophagy.

Cross-talk in Cancer

The complex interplay between apoptosis and autophagy is
not only of theoretical significance to the researcher, but will
impact on the course of treatment for disease that is
associated with cell death. Clinical investigators have long
exploited cell death mechanisms in the treatment of cancer,
on recognition that malignancies result from an increase in cell
number due to the disruption of the delicate balance between
cell proliferation and elimination. In most cases, stimulation
and/or restoration of apoptotic cell death leads to suppression
of transformation and tumorigenesis. The contribution of
autophagy to tumorigenesis is less obvious, and one must
carefully consider the paradoxical nature of autophagy and its
effects on apoptosis before utilizing chemo-therapeutic
strategies to modulate autophagy. The three types of
autophagy must be considered: basal housekeeping auto-
phagy important for protein and organelle turnover, starvation
and stress-induced autophagy that promotes cell survival, and
autophagy that exceeds the safe threshold and leads to cell
death. These multiple tasks can account for the fact that in a
clinical setting, inhibition of autophagy has been associated
both with increased tumor growth and tumor regression.
Therefore, an analysis of the various steps in the process from
normal cell to transformed cell to malignant tumor and the
potential role that autophagy can play at each stage is
necessary. It should be noted that the experimental evidence
is still not sufficient to decisively construe the exact role that
autophagy and its interplay with apoptosis has in cancer
progression; here, we present a model that can explain the
current data (Figure 4).

(1) Precancerous stages: The cell is exposed to a mutagen,
pathogen or other cellular stress that causes DNA
damage, mitochondrial damage and the release of
ROS, resulting in the accumulation of gene mutations
that disrupt cell cycle control, DNA repair or cell death. At
this stage, the homeostatic function of autophagy to
eliminate damaged organelles (e.g. mitophagy) and
maintain genomic stability can block or limit the cumu-
lative effects of the cellular stress that promote cellular
transformation.29,30,83 Suppression of autophagy at this
stage would accelerate tumor development. This is
especially true if mechanisms facilitating cell cycle arrest
and/or apoptosis are also defective. Consistent with this,
gene amplification, DNA damage and aneuploidy were
prominent in Beclin 1 heterozygote cells that over-
expressed Bcl-2, which cannot undergo apoptosis.30

(2) The transformed cell: If the DNA damage is extensive and
cannot be contained by autophagy, the cell can still avoid
transformation by initiating a death response. As the
cancer cell proliferates, loses its anchorage-dependent
growth and migrates away from its source, it will
encounter additional stimuli that can trigger cell death.
The cell can die by either apoptosis or by autophagy that
surpasses the safe threshold. The presence of a back-up
death mechanism ensures cell elimination even if one
pathway has been disabled by gene mutation. Suppres-
sion of autophagy or apoptosis at this stage would again
accelerate tumor development.
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(3) The solid tumor: The cancer cell is no longer an indivi-
dualized unit, but can be considered part of an organ, the
solid tumor. Solid tumors that are not (yet) vascularized,
especially the tumor centers, develop regions of hypoxia
and limited nutrient availability, creating a microenviron-
ment of metabolic stress. Although this can trigger
apoptotic cell death, such an environment selects for
cells with defective apoptotic programs, such as loss of
p53,84 and it is likely that by this point, the tumor cells will
have lost the means of dying by apoptosis. Starvation-
activated autophagy, on the other hand, acts to promote
cell survival, by breaking down cellular building blocks to
provide the missing nutrients.29,85 One would predict then
that suppression of autophagy at this stage would inhibit
tumor development. However, in actuality, in the absence
of apoptosis, the autophagic program is antitumorigenic,
because, as in the precancerous stages, it can limit the
extent of further genomic damage that can lead to even
more aggressive tumors. This was evident in vivo, in
which allelic deletion of Beclin 1, and decreased
autophagy, resulted in gene amplification in mouse
mammary tumors in response to metabolic or replication
stress.29 Furthermore, in the absence of both apoptosis
and autophagy, necrotic cell death ensues, resulting in an
inflammatory response involving macrophage infiltration,
which can be associated with more aggressive tumor
growth.85 At some point, the tumor adapts by promoting
angiogenesis, enabling the supply of nutrients and

oxygen and avoiding metabolic stress. Autophagy plays
a role here too, as it has been shown to block angio-
genesis. For example, the combination of caspase
inhibition, irradiation and inhibition of mTOR, which
stimulated autophagy, correlated with the suppression
of angiogenesis and reduced tumor volume in vivo in a
mouse model of lung cancer.86 Similarly, mTOR inhibition
sensitized endothelial cells to radiation therapy, limiting
vasculature development and blood flow in mouse glioma
xenografts.87 Autophagy can also be antiangiogenic by
the selective autophagic consumption of neuropilin-1, a
receptor for VEGF on endothelial and carcinoma cells,
following hypoxia and nutrient deprivation.88 Thus,
although for the short term, autophagy can compensate
for the limited nutrient supply, in the long run, it will inhibit
the tumor’s access to a blood supply, and impede tumor
growth. For all these reasons, suppression of autophagy
would indirectly accelerate tumor development.

The strongest evidence for the role of apoptosis or
autophagy in the development of the tumor cell comes from
the tumor itself: the genes that are inactivated or induced that
provide a selective growth advantage. It has long been
recognized that antiapoptotic genes such as Bcl-2 are
oncogenes, whereas those that promote apoptosis, such as
p53, are tumor suppressors. Autophagic genes are also
modulated in tumor cells, and can be classified as follows. (a)
Oncogenic signaling genes such as ERK, Akt, RSK1 and

Figure 4 The roles of autophagy and apoptosis in cancer development. Various stages from the precancerous cell that accumulates DNA damage to the transformed cell
that undergoes uncontrolled proliferation to the solid tumor are shown. Although apoptosis leads to the elimination of the cell/tumor, autophagy can serve to either promote cell/
tumor survival at certain stages, or to promote its elimination, at other stages
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PI(3)K (class I) have been shown to suppress autophagy.
Their contributions to cell survival are pleiotropic, however,
and thus their status as oncogenes cannot solely be attributed
to their effects on autophagy. (b) Oncogenes that more
directly suppress autophagy such as Bcl-2. Notably, the
oncogenic function of overexpressed, misregulated Bcl-2 can
stem from its ability to block apoptosis, autophagy or both. (c)
Tumor suppressors that activate autophagy, including inhibi-
tors of the mTOR pathway, such as TSC1/TSC2, PTEN (a
PIP3 phosphatase that antagonizes PI(3)K/Akt signaling),
and p53 (through AMPK). Other tumor suppressors play a
more direct role in regulating autophagy such as DAPk,89

Beclin 1, p19ARF (smARF) and UVRAG.90–93 p53 falls into
this category as well through upregulation of DRAM, which
has also been shown to be downregulated in certain
carcinomas.62 Even these proteins, however, may exert their
tumor suppressive activity through additional functions. p53
and p19ARF have multiple effects on cell survival, cell cycle
progression and protein translation. DAPk also inhibits cell
migration, thus providing another mechanism by which it
blocks metastasis.71 Both Beclin 1 and UVRAG have been
found to localize to endosomal membranes, and UVRAG
especially may have a more general role in membrane fusion
events than those needed exclusively for autophagosome
maturation.94,95 Many of these proteins also influence
apoptosis, again stressing the prominence of the cross-talk
between the two pathways.
With the exception of Beclin 1, none of the Atg genes have

been shown, so far, to be tumor suppressors or oncogenes.
Does this imply that the Atg machinery is not important to the
development of cancer, and the contribution of the genes
listed above are due solely to their non-autophagic functions?
As the Atg genes have been initially extensively studied in
yeast, and their functions then extended to mammals, the lack
of data on their contribution to tumorigenesis may simply be
attributed to the fact that this issue has not yet been examined
in detail. At this point, much of the focus is on understanding
the molecular events that comprise each stage in autophagy;
perhaps future research will be geared toward examining
the presence/absence/mutational changes of these genes in
various cancers. In addition, it is conceivable that the house-
keeping functions of the basic machinery of autophagy would
counteract any possible advantage that may be conferred to the
tumor cells by loss of autophagy. Notably, among the apoptotic
genes, it is also the regulators such as p53 and Bcl-2 that have
been linked to cancer, and not the effector caspases. Therefore,
it is intriguing to conclude that an oncogene/tumor suppressor
may more likely be a regulator gene of autophagy than a
component of the basic autophagic machinery.
In conclusion, the cross-talk between apoptosis and

autophagy manifests itself in several layers. Autophagy itself
presents a paradox as it can have opposing effects on cell
survival and death, and as a result, its connection to apoptosis
is complex. A full understanding of this multifaceted relation-
ship will be critical for the assessment of anticancer strategies.
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