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Abstract

Macro-autophagy (hereafter referred to as autophagy) delivers cytoplasmic material to the
lysosome for degradation, and has been implicated in many cellular processes, including stress,
infection, survival, and death. While the regulation and role that autophagy plays in stress,
infection, and survival is apparent, the regulation of and role that autophagy has during cell death
remains relatively unclear. In this review, we highlight what is known about the role that
autophagy can play during physiological cell death, and discuss the implications of better
understanding cellular destruction that involves autophagy.
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AUTOPHAGY

The initiation of autophagy starts with the formation of the pre-autophagosomal structure.
This pre-autophagosomal structure serves as a nucleation point for the formation of the
isolation membrane. The isolation membrane encapsulates cellular material such as proteins
and organelles in a double membrane vesicle called an autophagosome [1]. Lysosomes then
fuse with the autophagosome forming an autolysosome subsequently enabling their
hydrolases to degrade the isolated contents [1]. The autophagic steps can be analyzed by
methods that have been previously described [2].

Pioneering genetic studies in yeast led to the identification of the autophagy (ATG) related
genes and proteins [3-7]. Significantly, the core autophagy machinery is conserved from
yeast to humans, indicating that studies of model organisms can enhance our understanding
of how autophagy may function in distinct cellular and physiological contexts in humans.
However, the majority of studies have focused on understanding how autophagy functions in
the context of nutrient deprivation-triggered induced cell survival, and more work is needed
to understand where and how autophagy may contribute in other contexts, such as
programmed cell death.
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A history of autophagic cell death

In 1973, Schweichel and Merker described three types of physiological cell death that
occurred in the developing embryos and fetuses of rats and mice [8]. In type | cell death,
isolated dying cells displayed condensation of the nucleus and cytoplasm, and phagocytosis
of the dying cells by neighboring cells resulting in the subsequent degradation of the dying
cell by the lysosomal system of the engulfing cells. Type I cell death is known as apoptosis
[9]. In type 11 cell death, groups of dying cells were removed in toto with no phagocytosis by
neighboring cells. These dying cells contained autophagosomes that isolated regions of their
cellular contents, and fused with the dying cell’s own lysosomes to self-degrade the
autophagosomes’ contents. Type Il cell death would be known as autophagic cell death.
Finally, in type I11 cell death, which is also called necrosis, they observed the swelling of
membrane compartments, membrane rupture and “disintegration” of the dying cells with no
apparent phagocytosis or lysosomal elements associating with this process [8].

GENETIC SYSTEMS

In recent years, autophagic cell death has been observed in distinct eukaryotic kingdoms
from which the studies of genetic model systems have illuminated the roles that autophagy
can play in dying cells.

Dictyostelium discoideum

Dictyostelium is a protist that can exist in either a unicellular or multicellular state. During
the formation of its multicellular fruiting body, the supportive stalk cells which comprise of
approximately 20 percent of all Dictyostelium cells undergo programmed cell death [10].
Having evolutionarily diverged around one billion years ago, Dictyostelium represents one
of the most primitive and ancient examples of programmed cell death [11]. Interestingly,
Dictyostelium does not possess phagocytes, and no caspases have been found in its genome.
Therefore, apoptosis is impossible, and all cell death occurs via autophagy [12].

During starvation, unicellular Dictyostelium begins to aggregate and form a multicellular
fruiting body full of viable spores atop a stalk of dead cells. As the stalk cells die they
exhibit high levels of autophagy. During this death process, the stalk cells first induce
autophagy as a response to starvation, and only after this starvation-induced autophagy is
initiated do they receive an additional signal from the differentiation-inducing factor, DIF-1,
to promote programmed cell death [13, 14]. Interestingly, sole induction of autophagy or the
presence of DIF-1 alone cannot induce cell death [15, 16]. Therefore, autophagy in
Dictyostelium appears to be first induced as a starvation response, and only later, along with
additional signals, can cell death occur via a mechanism in which autophagy is also
necessary [12].

In Dictyostelium, the regulation of starvation-induced autophagy appears to be well
conserved as homologues of mMTOR complex 1 exist in the Dictyostelium genome. However,
the mechanism of how the transition from the use of autophagy for starvation to the use of
autophagy for death remains less clear. While it is known that starvation induced autophagy
is necessary for cell death to occur in Dictyostelium, as mentioned earlier, another factor,
DIF-1, is also necessary. Unfortunately, the DIF-1 signaling pathway has not been fully
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elucidated. Genetic screens in Dictyostelium have revealed certain genes that are necessary
for the completion of autophagic cell death that is triggered though DIF-1, such as iplA (the
IP3 receptor) [17]. Interestingly, as described later, the IP3 receptor was also shown to be
necessary for autophagic cell death in the salivary glands of Drosophila melanogaster [18].
Therefore, it seems possible that regulation of autophagy during cell death may be
evolutionarily conserved.

Arabidopsis thaliana

Unlike metazoans, plants do not exhibit apoptosis because the cell wall of plants prevents
the breakdown of cells into apoptotic bodies, and plants do neither have phagocytes nor
canonical caspases [19]. However, it should be noted that the activation of caspase-like
proteases have been detected during certain types of cell death [20], but the physiological
consequences of these metacaspases remains unclear. As such, autophagic cell death is one
of the primary means of cell death in plants, and has been observed in Arabidopsis during
developmental cell death as well as the pathogen-triggered hypersensitive response [19].

In plants, the tracheary element of the xylem serves as a means of water-conducting vessels.
During tracheal development in Arabidopsis, the tracheary elements undergo programmed
cell death in order to remove the contents from the center of the tracheal vessel. In
Arabidopsis, autophagy has been shown to be activated during tracheary element
differentiation in cell culture, and that the autophagy gene, Atg5, was required for cell death
during tracheary differentiation [21]. This indicates that autophagic cell death can occur
during plant development.

The hypersensitive-response in plants serves as a mechanism to prevent the spread of
pathogens, and is characterized by localized cell death around a region of infection.
Interestingly, during the Arabidopsis hypersensitive-response, autophagy appears to be able
to function in both a pro-survival and pro-death manner depending on the context of the
infection [19]. Interestingly, this context-specific dual use of autophagy is similar to the
roles that autophagy can play in tumor cells as either a pro-survival or pro-death mechanism.
In Arabidopsis, days after infection, loss of autophagy was shown to result in the inability to
prevent the spread of cell death in non-infected cells around the site of infection [22],
indicating that autophagy is required for survival. Conversely, autophagy has also been
shown to be induced in infected cells shortly after infection, and hypersensitive-response
cell death was suppressed by autophagy gene mutants [23]. As such, it appears that the use
of autophagy as a means to either prevent the spread of disease-induced cell death or as a
mechanism to kill uninfected cells depends on disease contexts, and the time after infection.

Drosophila melanogaster

During the development of Drosophila from a larva to an adult fly, the steroid hormone 20-
hydroxyecdysone (ecdysone) signals for many obsolete larval tissues to undergo
programmed destruction. Two of these tissues, the larval midgut and salivary glands,
degrade through programmed autophagic cell death.
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Just prior to its destruction, the larval midgut of Drosophila comprises a large amount of the
total volume of larval tissue. At puparium formation, ecdysone signals for the destruction of
this tissue, and within four hours, the entire midgut has essentially died [24]. The destruction
of this tissue in toto is a classic hallmark of the type Il cell death described by Schweichel
and Merker [8]. Upon closer examination, high levels of autophagy can be observed during
midgut degradation [24], and when autophagy genes are mutated, the midgut fails to degrade
[25](Fig. 1). Interestingly, at the time of cell death, midgut cells are TUNEL-positive
indicating DNA fragmentation, a sign that caspases are active. However, caspases play no
role in the destruction of the midgut as their inhibition does not hinder cell death [25].
Currently, no involvement of phagocytes has ever been observed during midgut cell death.
Therefore, autophagy is the sole known cellular process necessary for the self-degradation of
the larval midgut during cell death and degradation, and autophagy is important for a
programmed cell size reduction and clearance of mitochondria from these dying cells [26].

Approximately 12 hours after initiation of midgut cell death, another pulse of ecdysone
signals for the degradation of the larval salivary glands in toto. Like the midgut, during cell
death, salivary gland cells become TUNEL positive, and no phagocytes appear to be
involved [27, 28]. Additionally, high levels of autophagy occur, and genetic inhibition of
autophagy results in incomplete gland degradation [29, 30]. However, unlike the midgut, in
addition to autophagy, caspases are also necessary for salivary gland destruction.
Interestingly, these two processes appear to function independently of each other, and both
are needed to ensure complete tissue degradation. Therefore, when one process, either
autophagy or caspases, is inhibited, partial degradation of the salivary glands still occurs
[30]. While caspases and autophagy apparently function independently of each other in the
salivary glands, their inductions appear to be linked as genes involved in steroid signaling
including the Ecdysone Receptor, nuclear receptor coregulators and the histone H3 lysine
trimethyl demethylase dUTX are necessary for the transcription of both caspase and
autophagy genes [31, 32].

The core ATG genes are necessary for the induction of autophagy in multiple contexts
including starvation and programmed cell death during the life cycle of Drosophila.
However, the means of regulating the induction in specific contexts are different. The
mechanisms that control autophagy as a starvation response are well understood, and the
mTOR complex plays a pivotal role in nutrient sensing and directly regulates the induction
of autophagy via ATG proteins [33]. Interestingly, during larval development, mTOR
signaling is required for cellular growth in the salivary glands and midgut. Additionally, the
Hippo signaling pathway is required for proper growth in the salivary glands. As these
processes prevent the induction of autophagy, inhibition of these pathways is necessary to
allow for the induction of autophagy during programmed cell death [30, 34, 35]. It is
assumed that the arrest of these growth signaling pathways in both of these tissues is
because animals stop feeding at this stage in development, but how this dietary information
is transmitted to these tissues, if insulin-like peptides are involved, and if steroid signaling
regulates this event remains unclear. While growth arrest is critical to allow for the induction
of autophagy, the exact mechanisms of how autophagy is induced during cell death remain
relatively unknown. For example, specific genes such as the engulfment receptor Draper, the
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IP3 kinase, IP3K2, the IP3 receptor, and Calmodulin have been shown to regulate autophagy
specific during salivary gland degradation [18, 28]. Although steroid signaling may regulate
their function, it is unclear how these genes specifically regulate the autophagy machinery.
Furthermore, the E1 enzyme ATG?7 is not required for autophagy in dying fly midgut cells
even though it is required for most other autophagy that has been studied, including
starvation-induced autophagy in Drosophila [26]. In order to better understand the
regulatory differences in the uses of autophagy further investigation is needed.

Since its description [8], autophagic cell death has been observed in multiple cell types
during development in a variety of vertebrates, including mouse, rat, chick, and frog
(reviewed [36]). Unfortunately, our knowledge of autophagic cell death in vertebrates is
vague. Therefore, the evidence for autophagic cell death in vertebrates is based almost
exclusively on observations in which dying cells showed high levels of autophagy with no
evidence of apoptosis. As such, it remains unclear if autophagy actually plays an active role
in the death of some or all of these examples. This important gap in our knowledge needs to
be overcome through in depth genetic studies of these vertebrates’ dying cells in which
autophagic cell death has been reported.

While it is obvious that more complete genetic studies are needed to fully understand the
roles autophagy can play in vertebrate programmed cell death, a few studies have attempted
to determine the role autophagy may or may not play during mammalian development. For
example, embryoid bodies derived from cells lacking ATG genes failed to undergo
cavitation, a process that is reminiscent of developmental programmed cell death [37].
However, it was concluded that in this context autophagy is used to signal to clear the cell
corpses and not as a means to achieve cell death. It should be noted that this study was done
with embyroid bodies, and, may not be a complete representation of what occurs during true
animal development. Therefore, further studies are needed.

Although analyses of a role of autophagy in dying animals is lacking, multiple studies in
derived cell line suggest the possibility that autophagic cell death occurs in mammals. For
example, Ras-induced autophagy was sufficient to trigger caspase-independent cell death
[38]. Additionally, activation of autophagy was shown to be sufficient to kill cultured cells
when exposed to the autophagy-inducing peptide, Tat-Beclin 1, in a process termed autosis
[39]. Moreover, autosis was also observed in vivo during cerebral hypoxic-ischemic injury
in rats. While these findings are not in developmental contexts, and are in vitro or in non-
physiological conditions, they indicate that autophagy can play an active role during cell
death.

AUTOPHAGY AND PROMOTION OF CELL DEATH

Descriptive studies originally suggested that autophagy controls cell death [8, 36]. However,
the clear role of autophagy in promoting health and survival in many cell contexts indicates
that mechanistic studies are needed to clearly determine the difference in how autophagy can
promote cell death [40]. In addition, to be able to modulate autophagy for therapeutic
purposes it is useful to know the mechanisms underlying the promotion of cell death by
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autophagy versus cell health and survival by autophagy. Unfortunately, it remains unclear
how autophagy can promote cellular death.

Several possibilities have been proposed for how autophagy may promote cell death, and
multiple mechanisms may exist. One possibility is that key survival factors are selectively
recruited into autophagosomes for degradation, and multiple studies support this possibility.
For example, programmed cell death occurs during fly oogenesis, and the inhibitor of
apoptosis Bruce was shown to co-localize with autophagosomes as well as accumulate in
autophagy-defective cells [41]. In addition, recruitment of cytoplasmic catalase into
autophagosomes was shown to lead to elevated ROS and cell death in L929 cells [42].

An alternative model is that high levels of autophagy may deplete mitochondria and
metabolic substrates, and that this could cause a type of metabolic catastrophe that causes
cell death. Although it is unclear if this actually occurs, data from flies suggest this
possibility. For example, activation of autophagy by mis-expression of the Atgl kinase is
sufficient to kill multiple cell types, including the larval fat body, salivary glands and midgut
[26, 30, 43]. Interestingly, this cell death in fat body is delayed by expression of the caspase
inhibitor p35, while it is caspase-independent in salivary glands [30, 43].

Recent work in mammalian cells suggests multiple mechanisms for how autophagy may
promote cell death. In one case, Ras-triggered cell death was associated with Bcl-2 family
member Noxa displacement of Mcl-1 from Beclinl that led to autophagy-dependent cell
death [38]. By contrast, Tat-Beclin 1-triggered autophagic cell death depends on
Na(+),K(+)-ATPase function [39], and while it is possible this functions in other dying cells
that depend on autophagy, this has never been previously reported. Although it is intriguing
to consider such mechanisms, more work needs to be done to be certain these processes
function in animals.

CONCLUSIONS

When cells die, apoptosis is often the only form of cell death considered. Autophagic cell
death has been shown to play pivotal roles in the development of praotists, insects, plants,
and potentially mammals. Furthermore, autophagy plays a critical role in immune response-
associated cell death of plants. While we have focused on only a few genetic model systems,
evidence for autophagic cell death in other organisms in these kingdoms exists. Therefore,
the potential prominence of this form of cell death could be greatly under-estimated.

It is safe to assume that when considering the biomass of the Earth, a large portion of the
programmed cell death may occur though the utilization of autophagy. This is supported by
our knowledge that plants and insects are dependent on autophagy for a large amount of cell
death, and that taxa within these groups represent a large amount of biomass on Earth. It is
important to note that plant crops and potentially a large number of pollinators, such as
honey bees, likely rely on the use of autophagy during cell death. Additionally, parasitic
protists such as certain trichomonads have been shown to undergo autophagic cell death
[44]. Furthermore, autophagic cell death has been observed during the development of pests,
such as disease transmitting mosquitoes [45]. Therefore, understanding the roles and
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regulation of autophagy during cell death not only can help crop health and growth, but may
also help in the prevention infectious diseases.

Evidence indicates that at least some of the mechanisms that regulate autophagic cell death
are conserved between evolutionarily distant species [17, 18]. Furthermore, observations
suggest that autophagic cell death occurs during development in higher metazoans such as
mammals [36]. As such, a better understanding of autophagic cell death in model organisms
may help us understand autophagic cell death in humans. As the apoptotic machinery is
often disrupted in diseases, such as cancer, autophagic cell death may offer an alternative
mechanism to kill tumor cells. Future studies focused on understanding the regulation and
function of autophagy in cell death could significantly advance science, agriculture, and the
treatment of disease.
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Figure 1. Autophagy in thelarval salivary glands of Drosophila melanogaster is necessary for cell
death

A) A larval salivary gland that expresses an autophagy inducing gene only in green
fluorescent protein (GFP, green) cells. Autophagy is visualized by using an autophagy
reporter that is expressed in all cells and consists of a mCherry tagged Atg8a protein that
localizes to autophagosomes and autolysosomes. Nuclei are stained with DAPI (blue). Scale
bar represents 50um.

B) A histology section of a wild type animal in which the salivary glands degrade normally.
Note the lack of any salivary gland material (enhanced in the right image). The anterior of
the animal is on the left of the image and the posterior of the animal is on the right of the
image.

C) A histology section of an animal in which autophagy is defective. Note the large amount
of salivary gland material (enhanced in the right image). The anterior of the animal is on the
left of the image and the posterior of the animal is on the right of the image.
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