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Abstract
Apoptosis is a well-characterized pathway to cell death, yet how it is related to other forms of cell
death such as necrosis, and possibly also autophagic cell death has not been entirely clear. Difficulties
arise because necrotic cell death is poorly characterized at the molecular level, and also because
autophagy is primarily a survival pathway that has been associated with cell death induction in some
circumstances. A common theme appears to be now emerging where autophagy promotes survival
of apoptosis-defective cells, and inhibition of the autophagy survival function in this setting
represents a means to divert cells into a necrotic cell fate. In cells denied the ability to commit suicide
by apoptosis, and that are also unable to access the autophagy survival mechanism to sustain
homeostasis, necrosis is the default activity. This was most recently illustrated with the discovery
that the caspase and apoptosis inhibitor, zVAD, also inhibits a lysosomal protease, and thereby
autophagy, and it is this dual inhibition that is responsible for induction of necrotic cell death.1 This
radically alters the interpretation of earlier findings reporting induction of autophagic cell death by
zVAD,2 instead, suggests that autophagy functions to promote cell survival.
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Autophagy is a cellular self-catabolic process where cellular components are engulfed and
trafficked to lysosomes for proteolytic degradation.3 The main functional role of autophagy is
to recycle cellular components to sustain metabolism during nutrient deprivation and to prevent
the accumulation of damaged, toxic proteins and organelles during stress. In most situations,
autophagy promotes survival to stress and starvation, but there is also evidence that if left
unabated or if over stimulated, autophagy can progress to cell death. This is often referred to
as autophagic cell death. Although evidence for physiological autophagic cell death in
mammals is weak, it does play a role in the developmental degradation of salivary glands in
Drosophila morphogenesis.4

There are multiple forms of cell death, and the most well characterized is apoptosis, which is
a defined genetic pathway leading to rapid cell execution.5 Cells also die by necrosis, which
is less well characterized but results in cell lysis due to physical trauma or metabolic
insufficiency.6 Necrotic cell death is a more apparent route when apoptosis is defective,
presumably due to limiting the options by which a cell has to die.7 There are reports of cell
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death with characteristics distinct from apoptosis, necrosis and autopagy, and even hybrid
forms of cell death, but the underlying processes are largely unknown.8

Autophagy is also a common stress response and the mere presence of autophagosomes in
dying cells is attributed, often erroneously, to autophagic cell death. A commonly utilized
apoptosis inhibitor, zVAD, which blocks caspase protease activity required for apoptosis, is
reported to induce autophagic cell death in some circumstances.2 Since excessive apoptosis is
associated with some degenerative conditions, caspase inhibitors are thought to be of
therapeutic value,9 but not so if they instead promote autophagic cell death. Wu and
colleagues1 shed some light on this issue with their observation that zVAD inhibits caspases
but also the lysosomal protease Cathepsin D. Thus, zVAD inhibits both apoptosis and flux
through the autophagy pathway by preventing lysosomal degradation of autophagosome
contents. The consequence of zVAD inhibition of both cell death by apoptosis and cell survival
by autophagy is induction of necrotic cell death. This refutes a published example of autophagic
cell death and supports the more mainstream role of autophagy in promoting cell survival.

Autophagy is a Dynamic Process
When investigating autophagy it is important to consider that it is a dynamic process regulated
by autophagosome formation and trafficking to, and fusion with, lysosomes.10 Methods for
measuring and quantifying autophagy often rely on monitoring the formation or presence of
autophagosomes by surveillance for autophagosome markers (either morphologically and/or
biochemically).11 An increase in autophagosomes, however, can result from either an increase
of autophagy flux, and/or a blockage of autophagosome maturation (lysosomal fusion and
degradation). Thus, autophagy inhibition can result in reduced autophagosome formation, as
is the case with down regulation of upstream regulators Beclin 1 or Atg5, or alternatively can
result in the massive accumulation of autophagosomes, as is the case with chloroquine or
bafilomycin that block autophagy downstream of autophagosome formation at the level of
lysosomes. Therefore, it is important to discern and dissect the dynamic process of
autophagosome formation, allowing the correct interpretation of autophagy induction or
inhibition.11 As the proteolytic inhibitory activity of zVAD encompasses caspases and
apparently also a lysosomal protease, the accumulation of autophagosomes induced by zVAD
results from inhibition of autophagic flux rather that induction of autophagic cell death.1

Autophagosomes Do Not Necessarily Mean Autophagic Cell Death
More caution and scrutiny is required for the declaration of a role for autophagy in cell death,
as the presence of autophagic markers in dying cells are not always suggestive of autophagic
cell death. Autophagic cell death should be defined as meeting specific criteria. First, there
should indeed be the presence of autophagic features in dying cells. Second, there should be
the absence of apoptotic and necrotic hallmarks. Third, induction of autophagy by starvation
and rapamycin should be able to enhance cell death. Fourth, suppression of autophagy by
multiple, independent means should rescue cell death. This can be accomplished by Atg and
Beclin 1 knockdown or preferentially by genetic deletion, and with chemical inhibitors such
as 3-MA and chloroquine. While RNAi is a powerful tool, off-target effects need to be ruled
out by knocking down multiple targets with both positive and negative controls, and
additionally supporting these findings with independent evidence. Fifth, validation of a
functional role for autophagy in cell death in vivo and in a physiologically relevant situation
should be the penultimate goal wherever possible. We have an amazing arsenal of technology
at our fingertips due to sophisticated advances in molecular biology and biochemistry that
allow us to decipher molecular mechanisms that regulate biological processes relevant for
sustaining health and preventing and curing disease. These same tools also have the potential
to generate equally amazing in vitro artifacts that have no physiological basis in vivo. As the
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field progresses and our understanding of the mechanisms regulating autophagy increases,
additional markers and assays will aid in our ability to identify the different steps in the
autophagy process and to define the circumstances where autophagy leads to survival or cell
death.

Autophagy is a Survival Pathway That Can Inhibit Cell Death by apoptosis or
necrosis

There is clear evidence from the phenotypes of mutant mice, and cells derived therefrom, that
autophagy functions to sustain cell survival, particularly during stress.7,12–18 It is also clear
that there is functional interaction between autophagy and cell death pathways.3,19 In response
to metabolic stress, autophagy can delay cell death by apoptosis, and in apoptotic-defective
cells, inactivation of the autophagy survival pathway promotes necrotic cell death in vitro and
in tumors in vivo.7,13,18 This suggests that defects in apoptosis are overcome by induction of
metabolic catastrophe, a death process where cells that cannot die by apoptosis and cannot
access the autophagy survival pathway when metabolically stressed are forced to die by
necrosis.20 While there are consequences to switching from apoptotic to necrotic cell death,
this importantly demonstrates that necrosis can also be a genetically programmed pathway to
cell death. This is similar to what is found in zVAD-treated cells where apoptotic caspases and
lysosomal cathepsins are inhibited, resulting in blockade of both apoptosis and autophagosome
maturation (Fig. 1).1 In support of these observations, the mTOR inhibitor rapamycin protects
cells from zVAD-induced death, and inhibition of autophagy pharmacologically (with
chloroquine or 3MA), or by siRNA, promotes cell death by zVAD (Fig. 1). Thus a consistent
theme is emerging where necrotic cell fate can be dictated when cell death by apoptosis, and
cell survival by autophagy, are simultaneously inhibited. These observations are fundamentally
important, particularly to therapeutic schemes that involve modulation of apoptosis or
autophagy.
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Figure 1.
Inhibition of cell death by apoptosis, and concomitant inhibition of survival by autophagy is a
formula for induction of necrotic cell death. See text for explanation.
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