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Abstract Apoptosis and autophagy are genetically-
regulated, evolutionarily-conserved processes that regulate
cell fate. Both apoptosis and autophagy are important in
development and normal physiology and in a wide range of
diseases. Recent studies show that despite the marked
differences between these two processes, their regulation is
intimately connected and the same regulators can some-
times control both apoptosis and autophagy. In this review,
I discuss some of these findings, which provide possible
molecular mechanisms for crosstalk between apoptosis and
autophagy and suggest that it may be useful to think of
these processes as different facets of the same cell death
continuum rather than completely separate processes.
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In the early to mid 1990s there was a rapid increase in our
understating about the regulation of apoptosis. Fifteen or so
years later we are in the midst of a similarly exciting period
for understanding autophagy with very rapid growth of
publications on the regulation and function of this pro-
cess [1]. Autophagy (the form of autophagy discussed here
is macroautophagy, other forms-microautophagy and chap-
erone-mediated autophagy share the same lysosomal
degradation mechanism but differ in the way that material is
delivered to the lysosome) is a degradative process involving
sequestration of parts of the cytoplasm in double-membrane
vesicles (autophagic vesicles or autophagosomes) that fuse
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with lysosomes forming the autophagolysosome. In the
autophagolysosome, the cytoplasmic material that was
engulfed is hydrolyzed and the resulting amino acids and
other macromolecular precursors can be recycled [2—4], see
Fig. 1 for a schematic of the process. Autophagy is a
mechanism by which organelles are removed and is the
primary degradation mechanism for long-lived proteins and
thus maintains quality control for proteins and organelles.
Autophagy is ubiquitous in eukaryotic cells and important in
development and in diverse pathophysiological conditions
[5]—for example providing protection against neurodegen-
eration [6, 7], infections [8, 9] and tumor development
[10-13]. Cells that are deficient in autophagy also demon-
strate enhanced chromosomal instability [14, 15], which may
be related to the tumorigenesis associated with autophagy
deficiency.

Autophagy is important in cell death decisions and can
protect cells by preventing them from undergoing apopto-
sis. For example, increased autophagy in nutrient deprived
or growth factor-withdrawn cells allows cell survival [16,
17] by inhibiting apoptosis. Autophagy also protects cells
from various other apoptotic stimuli [18]. It is not clear
how autophagy stops cells from undergoing apoptosis; one
suggested mechanism is the sequestration of damaged
mitochondria [18] thus preventing released cytochrome c
from being able to form a functional apoptosome in the
cytoplasm. Recent work suggests that autophagy can also
protect cells from caspase-independent death that occurs
after Mitochondrial Outer Membrane Permeabilization
(MOMP) in the presence of caspase inhibitors. Interest-
ingly this study showed that as long as energy can still be
generated (in this case by increased glycolysis caused by
elevated GAPDH), cells can use autophagy to survive
MOMP and the release of cytochrome c and other apop-
togenic proteins and recover to continue to grow [19].
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Fig. 1 Schematic of macroautophagy. A membrane forms and
expands to sequester cytoplasm and organelles in a double-membrane
autophagosome. The initial step requires the activity of a Type III
PI3kinase and the Beclinl protein and is regulated by diverse
signaling pathways providing both positive and negative signals.
Completion and expansion of the autophagosome requires the

Thus, increased levels of autophagy can protect cells from
apoptosis and this kind of caspase-independent death.
Unfortunately, at least from the perspective of a simple
story, things are not so straightforward because autophagy
can also do the opposite—it can also kill cells.

Autophagic cell death (also known as Type II pro-
grammed cell death to distinguish it from apoptosis or
Type I programmed cell death) [20-22] has been described
as a distinct form of cell death that differs from other death
mechanisms such as apoptosis and necrosis. One example
of autophagic cell death was caused by increased reactive
oxygen species resulting from autophagic degradation of
catalase [23]. Unlike apoptosis, which relies upon the
activation of caspases that cleave hundreds of target pro-
teins [24], autophagic cell death is usually thought of as
caspase-independent [21]. Indeed, two of the best examples
of autophagic cell death where the demise of the cell was
shown to require the autophagy machinery took place in
cells with profound defects in the apoptosis machinery [25]
or in the presence of caspase inhibitors [26]. Cells under-
going autophagic cell death or apoptosis look different
[27]; the characteristic cellular morphology associated with
apoptosis is usually due to caspase cleavage of cytoskeletal
and other structural proteins [24] so that apoptotic cells
show early degradation of the cytoskeleton but preserve
organelles until fairly late in the process. In contrast,
autophagic cell death is associated with accumulation of
large numbers of autophagic vesicles, which degrade
organelles early in the process while the cytoskeleton
remains intact and functional until late in the process [5].
With this background, it is perhaps not surprising that there
would be close connections between the regulatory
machinery that control autophagy and apoptosis. As dis-
cussed below, recent data from a number of groups has
started to describe these connections.
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products of two protein conjugation systems that produce Atg5-
Atgl2 and Atg8/LC3-PE. The mature autophagosome fuses with a
lysosome through a step that requires the Rab7 GTPase and the
LAMP2 protein to produce the autophagolysosome in which the
contents are degraded

Regulation of autophagy

Autophagy is controlled by a group of evolutionarily-
conserved genes (ATG genes) [28, 29] that control a
coordinated process leading to the induction and nucle-
ation of autophagic vesicles, their completion, expansion
and fusion with lysosomes and breakdown and recycling.
Over 30 ATG genes have been identified in yeast and at
least 11 (ATGI, 3, 4, 5, 6, 7, 8, 9, 10, 12 and 16) have
orthologs in mammals, Atg6 is also known as Beclinl and
Atg8 is commonly called LC3 in mammals. Not surpris-
ingly given the large number of stimuli that modulate
autophagy, numerous upstream signaling pathways
(growth factor signaling, PI3 kinase/Akt, MAP kinases,
AMP dependent protein kinase, small GTPases, trimeric
G proteins, inositol triphosphates, calcium signaling and
others) regulate the process. Many of these pathways
work through mTOR, which is a potent inhibitor of
autophagy. Correspondingly mTOR inhibitors such as
rapamycin activate autophagy. However there are also
mTOR-independent mechanisms of inducing autophagy.
For example, the disaccharide trehalose is an mTOR-
independent activator of autophagy [30]. The induction of
autophagy occurs through a mechanism that involves the
Atgl kinase, which when overexpressed in Drosophila is
sufficient to induce autophagy [31]. In mammalian cells
the Atgl ortholog ULKI1 also controls autophagy [32].
Nucleation of the autophagic vesicle involves a Type III
PI3 kinase complex that includes the kinase (Vps34) and
Beclin 1 (Atg6), which interact through a conserved
domain in Beclin 1 [33]. This complex contains multiple
proteins including another putative tumor suppressor
called UVRAG [34] and a protein called Ambral [35],
which regulate the activity of the kinase and thus control
autophagy induction. Recently it was demonstrated that
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another protein called Bif-1 binds to UVRAG and that
this interaction can also regulate the PI3 kinase activity
and induce autophagic vesicle formation [36]. The for-
mation and expansion of the autophagosome requires two
protein conjugation systems that involve many of the
identified Atg proteins [37]; Atg8/LC3 and Atgl2 are
similar to ubiquitin and are activated by Atg7, which acts
as the E1 enzyme for both Atg8 and Atgl2 leading to
their conjugation to the lipid phosphatidylethanolamine
(PE) and Atg5 respectively in multi-step processes that
also involve Atg3, Atg4 and AtglO. The Atg5-Atgl2
conjugate is required for the formation of the LC3 con-
jugate and both the Atg5-Atgl2 and LC3-PE conjugates
are associated with the autophagosome. The conjugated
form of LC3 is called LC3-II to distinguish it from the
unconjugated form (LC3-I) and has faster mobility on
SDS gels. Atg5 dissociates from the autophagosome but
LC3-II remains associated and is eventually degraded in
the autophagolysosomes. Consequently, the processing
and degradation of LC3 (or GFP-tagged LC3) is often
used as a way to test if autophagy is being increased or
decreased [38]. Atg9 is a transmembrane protein that
shuttles between the Golgi and endosomes and may
identify the membranes used to form the autophagic
vesicle. Fusion of the autophagosome with the lysosome
requires the Rab7 GTPase [39, 40] and the lysosome-
associated membrane protein-2 (LAMP2) [41]. By inter-
fering with specific regulators it is feasible to block
autophagy at different stages in the process. For example,
to block autophagy at early stages and prevent auto-
phagosome formation, one could inhibit the Type III PI3
kinase complex with 3-methyl adenine or knockdown
Beclin 1 or Atg5 with siRNAs, while to inhibit autophagy
at later stages one could prevent fusion between the
autophagosome and lysosome by knocking down or
inhibiting Rab7 or use pharmacological agents such as the
lysomotropic agent chloroquine or bafilomycin Al, an
inhibitor of the vacuolar type H® ATPase. It may be
important to discriminate between blocking autophagy at
early or later steps because differences in outcome for the
cell have been noted when this has been done [42]. When
the later stages of autophagy are blocked, the cell may
accumulate large numbers of autophagosomes. Therefore
the appearance of large numbers of autophagosomes after
treatment with a stimulus can indicate either an increase
in autophagy (i.e., more generation of autophagosomes) or
a blocking of autophagy at the fusion step with lyso-
somes. Measurement of the autophagic flux by monitoring
the degradation of LC3 or long-lived proteins helps dis-
tinguish between these possibilities. Although much
progress has been made in the decade since ATGI was
first identified [1], many unresolved questions remain
regarding the molecular regulation of autophagy [43].

Regulation of apoptosis

Morphological changes and death in apoptotic cells are
caused by caspases, which cleave about 400 proteins [24].
Apoptotic caspases include “initiator caspases” (caspase-2,
-8, -9 and -10) that start an apoptotic cascade and “effector
caspases” (caspase-3, -6 and -7) that disassemble the cell.
Different pathways leading to caspase activation have been
characterized [44]. Diverse stimuli cause release of mito-
chondrial proteins to activate the intrinsic apoptosis
pathway [45] leading to MOMP and the release of cyto-
chrome c and other apoptogenic proteins [46]. MOMP is
regulated by the Bcl family of proteins [47]—these pro-
teins contain one or more Bcl homology (BH) domains and
fall into three categories; anti-apoptotic BH1234 proteins
(e.g., Bcl-2, Bel-xL, Mcl-1), which have four BH domains,
pro-apoptotic BH123 proteins (e.g., Bax, Bak) and a family
of BH3-only proteins (e.g., Bid, Bim, Bad, Noxa and
others), which sense different kinds of cell stress/damage.
The BH3-only proteins work by directly activating the
BH123 proteins or neutralizing the BH1234 proteins (there
are competing models about which of these two mecha-
nisms applies [48-50]). Released cytochrome c interacts
with Apaf-1, pro-caspase-9 and dATP to form the apop-
tosome [51]. This complex activates caspase-9, which then
activates effector caspases. At the same time, release of
Smac/Diablo [52, 53] inhibits Inhibitor of Apoptosis Pro-
teins (IAPs), which are themselves caspase inhibitors to
provide a coordinated method to efficiently activate
caspases.

The death receptor or extrinsic pathway involves cell
surface receptors [54], which induce apoptosis by forming
a multi-protein complex called the Death-Inducing Sig-
naling Complex (DISC) [55]. Upon ligand binding, death
receptors recruit an adapter protein called FADD [56-58],
which brings caspase-8 to the DISC where it is dimerized
and catalytically activated [59]. Active caspase-8 can then
directly activate effector caspases such as caspase-3 or can
activate the intrinsic apoptosis pathway by cleaving the
BH3-only protein Bid resulting in its translocation to the
mitochondria [60]. A third apoptosis pathway is activated
when the endoplasmic reticulum (ER) is stressed [61]. This
pathway involves many of the same BH-containing pro-
teins that regulate the mitochondrial pathway. Bax and Bak
are also located at the ER membrane [62] where they
regulate apoptosis and cause calcium release from the ER
through mechanisms that are countered by ER-localized
Bcl-2 and Bcl-xL. These signals usually eventually activate
the mitochondrial pathway too [63]. Apoptosis as a result
of mitochondrial permeabilization can also be triggered
following lysosomal permeabilization [64] and accumu-
lating evidence indicates that there may be direct linkages
between lysosomal functions and both apoptosis and
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autophagy [65]. For example, it was recently reported that
a transmembrane protein called TMEM166 that is associ-
ated with lysosomes and the ER as been reported to
regulate apoptosis and autophagy [66].

Molecular connections between autophagy
and apoptosis

Since autophagy can block apoptosis and both autophagy
and apoptosis can kill cells, one might expect that their
regulation would be coordinated. It is perhaps a little less
expected that the same proteins would regulate both pro-
cesses. However, recent data show that this is often the case.
Some connections occur upstream of the autophagic and
apoptotic machinery itself where signaling pathways regu-
late both processes. For example, p53, which is a potent
inducer of apoptosis, can also induce autophagy through
increased expression of a direct p53 target gene called
DRAM [67]. Similarly activation of the PI3 kinase/Akt
pathway, which is a well-known way to inhibit apoptosis,
also inhibits autophagy [68]. Thus important signaling
pathways apparently simultaneously increase or decrease
both autophagy and apoptosis. In addition, proteins that are
themselves central components of the apoptosis or
autophagy machinery (Bcl family proteins, FADD, and at
least one of the Atg proteins) regulate both processes
directly.

As discussed above, Beclin 1/Atg6 is part of a Type III
PI3 kinase complex that is required for the formation of the
autophagic vesicle and interference with Beclin 1 can
prevent autophagy induction. Beclin 1 was identified as a
Bcl-2 interacting protein [10]. Thus a key apoptosis regu-
lator also interacts physically with an autophagy regulator.
Beclin 1 also interacts with the other major anti-apoptotic
Bcl family protein (Bcl-xL) and this interaction has been
shown to regulate autophagy so that not only does
Bcl-2/Bcl-xL inhibit apoptosis by binding to and interfer-
ing with the action of the pro-apoptotic proteins Bax and
Bak, it also inhibits autophagy by binding with Beclin 1
and this interaction is important in the regulation of star-
vation-induced autophagy [69]. There may however be
differences in the regulation of these pathways depending
on subcellular localization—Bcl-2 is found at the mito-
chondria and the ER however the autophagy inhibition
function of Bcl-2 occurs only at the ER and mitochondrial
targeted Bcl-2, which is a potent inhibitor of many apop-
totic stimuli [70], cannot inhibit autophagy [69]. Recent
work from several groups has focused on further analysis
of the Beclin 1-Bcl-2/Bcl-xL interaction. Structural
and biochemical studies demonstrate that the interaction is
via a BH3 domain in Beclin 1[71-74]—i.e., Beclin 1 is a
BH3-only protein. Furthermore, elegant experiments from
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Kroemer and colleagues show that disruption of the inter-
action between the Beclin 1 BH3 domain and Bcl-2 leads
to increased autophagy [71]. Thus, in this case a BH3
domain interaction with Bcl-2 serves not to regulate
apoptosis but instead to control autophagy. It is also pos-
sible that the Beclin 1 BH3 domain may function like other
BH3 domains and regulate apoptosis; however clear evi-
dence for this has not been shown.

Another mechanism by which Bcl-2 at the ER can con-
trol autophagy has been described [75]. In this case Bcl-2
inhibits autophagy not because it interacts with Beclin 1
but instead because it can block calcium release from the
ER. The calcium activates Ca®*/calmodulin-dependent
kinase kinase- and AMP-activated protein kinase, which
leads to inhibition of mTOR to activate autophagy.
Therefore two quite separate mechanisms may allow Bcl-2
(and Bcl-xL) to inhibit autophagy (Fig.2) instead of
apoptosis; it is not known if both these mechanisms apply
at the same time or if one is more important than the other
in different contexts. Added complexity comes from the
fact that under other circumstances—in cells that have lost
both Bax and Bak and are therefore essentially completely
resistant to the intrinsic apoptosis pathway—Bcl-2 (and
Bcl-xL) appears to have the opposite effect because

Inhibit Autophagy by preventing
ER Calcium release

Inhibit Autophagy by
interacting with Beclin1
BH3 domain

BH3-only

proteins Mitochondria

Inhibit Apoptosis by
blocking Bax activation,
MOMPA& release of cyt c

cytc

caspase activation

Fig. 2 Regulation of apoptosis and autophagy by Bcl-2 and Bcl-xL.
Bcl-2 (and Bcel-xL) inhibits apoptosis by blocking activation of Bax
(and Bak) to prevent MOMP and subsequent release of cytochrome ¢
and other apoptogenic proteins from the mitochondria. Alternatively,
Bcl-2 at the endoplasmic reticulum can inhibit autophagy by
interacting with the Beclin 1 BH3 domain and by preventing calcium
release from the ER to block the activation of a signaling pathway
involving CAMKK-B, AMPK which represses mTOR to activate
autophagy
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increasing their expression stimulates autophagic cell death
while Bcl-xL knockdown reduces autophagy [25]. Thus
while the connections between Bcl family of apoptosis
regulators and autophagy appear to be complicated it is
clear that this family of proteins are intimately involved in
regulating the two processes and that it may be where the
proteins are—i.e., at the ER or elsewhere—that determines
whether they regulate apoptosis or autophagy.

Key components of the other well-characterized apop-
tosis pathway, the extrinsic death receptor pathway, can
also control autophagy. Binding of the adaptor protein
FADD to the ligand-bound death receptor (or other
adaptors) is a required step in the formation of the DISCs
that mediate death receptor signaling [55] with FADD
functioning as a platform upon which caspase-8 dimer-
ization and activation occurs. FADD consists of two
protein interaction domains, a death domain and a death
effector domain. Unexpectedly, in normal epithelial cells
the death domain of FADD is able to induce a novel cell
death mechanism that involves high levels of autophagy
[76]. Since the FADD death domain has no catalytic
activity it presumably induces autophagy by physically
interacting with another protein. We don’t know what that
protein is as yet (although, as discussed below, it can
interact with Atg5). Interestingly, and in keeping with a
theme that will be discussed further below, the autophagy
response is more easily observed when apoptosis is
blocked, suggesting that autophagy and apoptosis are
induced simultaneously by FADD death domain in the
normal epithelial cells. This mechanism of FADD-
regulated autophagy also applies when FADD-dependent
signaling is induced by TRAIL, a cytokine that activates
the DR4 and DRS death receptors. A FADD-independent
mechanism of inducing autophagy and autophagic cell
death from the DRS receptor was also recently proposed in
response to an activating antibody [77]. Thus, there may be
more than one way to activate autophagy from death
receptors.

The above studies indicate that components of the core
apoptosis machinery regulating the intrinsic and extrinsic
pathways can also control autophagy. Other recent studies
show the converse—i.e., that autophagy regulators can
control apoptosis. In experiments examining interferon-
and Atg5-induced autophagic cell death, it was shown that
FADD can interact with Atg5 [78]. This study suggested
that the interaction resulted in cell death (but not the
autophagic vesicle formation) that required FADD and
involved caspases. The implication of these studies is that
Atg5 can regulate components of the extrinsic apoptosis
pathway. Another mechanism by which Atg5 can regulate
apoptosis has also been described [79] (Fig. 3). The key
step in this mechanism is the cleavage of Atg5 by calpain
to create a truncated form of the protein that translocates

/ caspase activation

Activate caspases by binding
to FADD or calpain cleavage
and translocation to
mitochondria to cause MOMP

Mitochondria

cyte
caspase activation

calpain

Fig. 3 Regulation of apoptosis by Atg5. The autophagy regulator
Atg5 induces caspase activation by interacting with the adaptor
protein FADD, a component of the extrinsic apoptosis pathway.
Alternatively, cleavage of Atg5 by calpain causes the truncated Atg5
protein to translocate to the mitochondria to induce MOMP resulting
in cytochrome c release and caspase activation

to the mitochondria to cause cytochrome c release and
activation of the intrinsic apoptosis pathway that can be
blocked by Bcl-2. The general significance of this mech-
anism is suggested by data showing that Atg5 knockdown
protects tumor cells towards a variety of apoptosis stimuli
while Atg5 expression sensitized to these apoptotic stimuli.
Again the situation may be rather complex and calpain
activity may both increase and decrease autophagy because
while calpain cleavage of Atg5 produces a protein that
cannot activate autophagy [79], other studies show that
calpain activity is required for autophagy induction by
rapamycin and amino acid starvation [80]. Further dis-
cussion of interactions between apoptosis and autophagy
can also be found in a recent review article by Maiuri et al.
[81].

Are autophagic and apoptotic cell death different facets
of the same cell death mechanism?

We tend to think of autophagic and apoptotic cell death as
being very different mechanisms [21] and much effort in
the literature is devoted to defining whether your favorite
cell death is occurring through one or the other mechanism,
by, for example, asking if autophagy is promoting or pre-
venting death. This makes sense based on the clear
morphological differences that can be seen between cells
that are thought to be dying by apoptosis versus autophagic
cell death and could also have practical importance. For
example, since the mechanism of tumor cell killing by an
anti-cancer agent determines the way that resistance to the
therapy can be selected for, a drug that induces apoptosis
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and one that induces autophagic cell death might provide
quite different selective pressures on the tumor cell and
might therefore be more or less effective against a partic-
ular tumor [22, 82]. On the other hand, the close
connections between the apoptosis machinery and the
autophagic machinery that are being discovered would be
expected to lead to a situation where there may be simul-
taneous activation of the processes. This, in turn suggests
that cell death may actually involve both processes. Direct
evidence for this idea was obtained from the studies
showing that FADD death domain could induce both
apoptosis and autophagy as it kills normal epithelial cells
[76] and the finding that Atg5-induced death, which
involved the generation of large numbers of autophago-
somes required FADD binding and involved caspases [78].
However this idea extends beyond FADD because similar
connections have been found in other circumstances too.
Neufeld and colleagues performed experiments to
overexpress Atgl in Drosophila and found that this was
sufficient to increase autophagy, to inhibit cell growth and
to induce cell death [31]. However, while the death
required that the autophagy signal from Atgl be propa-
gated—mutation of a downstream autophagy regulator,
Atg8 blocked the Atgl-induced death—the actual mecha-
nism of cell death appeared to be through apoptosis and
was associated with increased caspase activity and blocked
by a caspase inhibitor. Similar effects also occur in a
physiological cell death response that occurs during Dro-
sophila metamorphosis. Steroid regulated death during
Drosophila metamorphosis occurs by a process that looks
like autophagic cell death [83]. However, regulators of the
apoptotic machinery such as grim, reaper and dronk con-
trol the process [84], and caspase inhibition prevents the
death [85]. Thus although the morphological studies of
these dying cells would lead us to conclude that they are
dying by autophagic Type II cell death, this death requires
regulators that are usually thought of as controlling apop-
totic cell death. Similar mechanisms apply in mammalian
cells too; nutrient deprivation in cells that lack LAMP2 and
thus cannot fuse autophagosomes with lysosomes causes a
cell death response with morphological characteristics of
autophagic cell death. However, the actual killing of the
cells involves a later activation of apoptosis with caspase
activation occurring subsequent to MOMP [41]. These
examples suggest that the idea that there are two clearly
different programmed cell death mechanisms (Type I and
Type 11, apoptosis and autophagic cell death) is oversim-
plified. Instead, perhaps what we are really seeing are
different facets of the same integrated cell death mecha-
nism—i.e., there aren’t really two different programmed
cell death mechanisms (with necrosis as a less regulated
but distinct third mechanism), instead there is one inte-
grated cell death mechanism that involves both apoptotic
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and autophagic components working together and regu-
lating each other in a cell death continuum that also
involves necrotic cell death (Fig. 4). In this scenario, there
is no clear cut distinction between different death mecha-
nisms and what we see when we study dying cells depends
on which facet of the mechanism is most prominent at the
time we happen to be looking. Moreover, by manipulating
the continuum it may be feasible to alter both the amount
of cell death and the characteristics (i.e., the relative
amount of apoptosis, necrosis, autophagy etc,) that occurs
as the cells die because if everything is connected as in
Fig. 4, alteration of one mechanism should also affect the
others.

These ideas could have practical implications as we try
to manipulate these pathways to better treat disease. For
example, when treating cancer we often use drugs that
cause severe damage to the cell. Most cancer cells still
have functional apoptosis machinery [86] and many anti-
cancer agents activate caspases and induce apoptosis. So,
when cancer cells are treated, the induction of autophagy
and the interactions between autophagy and apoptosis, e.g.,
mediated by Bcl-2’s ability to regulate both processes,
could have profound effects on the outcome for the tumor
cell. Autophagy may reduce the apoptosis sufficiently to
keep the cell under the threshold of caspase activity that is
needed to cause death. If the inhibition of apoptosis by
autophagy is able to keep the tumor cells alive long enough
to repair the damage, metabolize the drug etc., the long
term effect might be that the cells regain their ability to

CELL SURVIVAL

Autdphagy

Apoptosis »Necrosis

CELL DEATH

Fig. 4 Cell death continuum. Mechanistic interactions between
regulators of apoptosis autophagy and necrosis control whether a
cell lives or dies and determine the particular facets of the death
mechanism with characteristics of apoptosis, necrosis etc. that occur
in the dying cells. Perturbation of these interactions may alter the
amount and characteristics of cell death
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grow and re-populate the tumor. In a situation like this, it
would be useful to combine the drug with an autophagy
inhibitor because this will increase the overall efficiency of
the anti-cancer treatment i.e., increase the number of tumor
cells killed for a given dose of drug. Recent studies suggest
that this may indeed be useful and lead to increased tumor
regression in animal models [87].

However, what might happen when the cellular damage
is so severe that it cannot be repaired or there is sustained
interference with essential cellular processes such as pro-
tein synthesis such that no matter what happens, the tumor
cell cannot survive in the long term; under these circum-
stances, does the relative amount of autophagy and
apoptosis matter? In this case, the role of autophagy may
be less to do with the absolute number of tumor cells that
are eventually killed but instead could control where on the
continuum of cell death mechanisms the death occurs. For
example, when autophagy blocks apoptosis, the cells may
die by a non-apoptotic mechanism when autophagy occurs
but may activate caspases and die by apoptosis when
autophagy is inhibited. In tumor cells that have profound
defects in apoptosis and are induced to undergo increased
autophagy through hypoxia and nutrient deprivation, inhi-
bition of autophagy has also been shown to cause tumor
cells to die with characteristics of necrosis including
release of HMGBI1 [88]. In the real world of cancer treat-
ment, these differences in the ways that cells die could
have significant practical implications; release of HMGB1
from necrotic cells (it is not released from apoptotic cells)
is a pro-inflammatory signal [89]. Therefore, one might
find increased inflammation in tumors where the apoptosis-
autophagy-necrosis death continuum is perturbed. Indeed
in the hypoxic region of a tumor that has both apoptosis
and autophagy inhibited, increased necrosis with infiltra-
tion of macrophages and production of cytokines and
chemokines has been observed in mouse models [88]. In
addition some forms of apoptosis lead to a more or less
immunogenic cell death [90, 91] that can affect the effi-
ciency of tumor regression through a “bystander effect”
whereby the immune system attacks the tumor too. How-
ever, sustained inflammation e.g., after necrotic cell death
with release of HMGB1 may also promote tumor growth
[92]. Manipulation of these processes to increase the anti-
tumor immune response while limiting the inflammatory
signals that promote tumor growth could perhaps allow one
to optimize the anti-tumor response [93]. Manipulation of
particular regulators (Atg proteins, Bcl family members
and the like) to skew the arrows connecting the various
states in the schematic shown in Fig. 4 and thus control the
amount of apoptosis, autophagy and necrosis that takes
place in the tumor may provide a way to do this. Of course,
similar concepts can be applied to other pathological
conditions that involve perturbation of cell death. To

achieve this goal, we need to better understand the mech-
anisms that were discussed here and uncover the other
interactions between these supposedly separate processes
that are surely out there.
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