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Regulation of apoptosis in Drosophila

H Steller*,1

Insects have made major contributions to understanding the regulation of cell death, dating back to the pioneering work of
Lockshin and Williams on death of muscle cells during postembryonic development of Manduca. A physically smaller cousin of
moths, the fruit fly Drosophila melanogaster, offers unique advantages for studying the regulation of cell death in response to
different apoptotic stimuli in situ. Different signaling pathways converge in Drosophila to activate a common death program
through transcriptional activation of reaper, hid and grim. Reaper-family proteins induce apoptosis by binding to and
antagonizing inhibitor of apoptosis proteins (IAPs), which in turn inhibit caspases. This switch from life to death relies
extensively on targeted degradation of cell death proteins by the ubiquitin–proteasome pathway. Drosophila IAP-1 (Diap1)
functions as an E3-ubiquitin ligase to protect cells from unwanted death by promoting the degradation of the initiator caspase
Dronc. However, in response to apoptotic signals, Reaper-family proteins are produced, which promote the auto-ubiquitination
and degradation of Diap1, thereby removing the ‘brakes on death’ in cells that are doomed to die. More recently, several other
ubiquitin pathway proteins were found to play important roles for caspase regulation, indicating that the control of cell survival
and death relies extensively on targeted degradation by the ubiquitin–proteasome pathway.
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Drosophila offers unique opportunities to study the regulation of
cell death in response to a wide range of different stimuli within
the context of an intact organism, and the role that cell death
plays for normal development, tissue homeostasis and in a
variety of disease models. Similar to vertebrates, the regulation
of apoptosis in Drosophila is highly plastic and involves a wide
variety of stimuli originating from both within a cell, as well as
from its environment.1,2 These stimuli include many different
developmental signals, as well as various forms of cellular
stress or injury, such as DNA damage, unfolded proteins, ER-
stress, reactive oxygen species and defects in cell specification
or cell differentiation. Significantly, cell death can be studied in
Drosophila at the level of individual cell types using powerful
genetic and molecular biology techniques. This review focuses
primarily on the role and regulation of ubiquitin-pathway proteins
in controlling the activity of caspases. One general theme that
emerges is that cells rely extensively on caspase inhibition to
prevent unwanted death, and that a number of different E3-
ubiquitin ligases are employed to degrade these inhibitors when
cells need to activate cell death.

Brakes on Death: Caspase Inhibition by Inhibitor of
Apoptosis Proteins

Historically most efforts for understanding the induction of
apoptosis have focused on factors promoting the conversion

of procaspase to the active enzyme.3,4 Not surprisingly,
Drosophila contains all canonical apoptosome proteins,

including orthologs of Apaf-1, caspase-9 and cytochrome c,

and appears to use them in a manner similar to what has been

described for mammalian cells to activate downstream

effector caspases.5,6 However, an equally important layer of

cell death control involves negative regulation of caspases.7

Procaspases are widely expressed in living cells and have

low but significant protease activity. Despite this potentially

dangerous cargo, many cells can avoid the activation of a

caspase cascade and death for many years (or even our

lifetime, as in the case of many neurons). Therefore, efficient

mechanisms must exist that prevent unwanted caspase

activation. One important family of caspase inhibitors are

the inhibitor of apoptosis proteins (IAPs), which can bind

to and inhibit caspases.8,9 IAPs were originally discovered in

insect viruses,10 but a family of related proteins were

subsequently described in both insect and mammalian

genomes.8,9 IAPs are characterized by the presence of at

least one BIR (baculovirus inhibitory repeat) domain, which

can directly bind to and inhibit caspases.8,9 In Drosophila,

Diap1 is absolutely essential to prevent inappropriate caspase

activation and ubiquitous apoptosis.11–14 Furthermore, Diap1

functions as anE3-ubiquitin ligase, both to target the caspase-

9 ortholog Dronc for degradation in living cells, and to promote

self-conjugation and Diap1-degradation under apoptotic
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conditions.13,15,16 In the absence of Diap1-RING function,
Diap1 is stabilized and its protein levels are increased, but the
net outcome for most cells is still excessive cell death due to
highly elevated Dronc levels.13

The best studied mammalian IAP is the X-linked inhibitor of
apoptosis (XIAP) protein, which is considered the most potent
caspase inhibitor in vitro.17 Mammalian XIAP shares several
properties with Drosophila Diap1, including the ability to bind
to caspases, to Reaper-family proteins, and the ability to
undergo auto-ubiquitination and proteasome-mediated de-
gradation in response to apoptotic stimuli.18 As IAPs are
frequently overexpressed in human tumors and promote
cancer cell survival, they have become major targets for
developing new cancer therapeutics.19 Although most of the
attention has focused on the BIR domains, XIAP and many
other mammalian IAPs also contain a RING motif and
functions as E3-ubiquitin ligases.18 However, as XIAP-
deficient mice appear overall normal and no major cell death
phenotypes have yet been reported, the physiological role of
this gene in vivo remains to be defined.20 Likewise, targeted
gene disruption of cIAP1 and cIAP2 has not revealed any
significant apoptotic phenotypes.21,22 Although these results
could be interpreted to indicate that IAPs do not play a major
role for caspase regulation in mammals, a more likely
alternative is that their physiological role is masked by
functional redundancy. If relatively short-lived organisms such
as fruit flies protect themselves against unwanted death using
multiple caspase inhibitors (see below; Figure 1),6,8–15,23–35

it would come as a great surprise if mammals would employ
fewer safeguards to control caspase activity.

Relieving the Brakes: Induction of Apoptosis by
Reaper-Family Proteins

Molecular genetic studies of apoptosis inDrosophila originally
revealed the central importance of natural IAP antagonists,
namely reaper, grim and head involution defective (hid)
(reviewed in Kornbluth and White7). In the absence of all
three genes, apoptosis is virtually completely blocked.23 On
the other hand, ectopic expression of these genes can lead to
potent induction of apoptosis.36,37 Although the proteins
encoded by these genes share overall very little similarity,
they all contain a short N-terminal peptide motif, termed IBM
(IAP-Binding-Motif), which is required for IAP-binding and cell
killing.38 The reaper gene, and to some extent grim, hid and
sickle, are transcriptionally activated in response to many
different proapoptotic signals, including steroid hormones, a
variety of developmental signals, radiation and various forms
of cellular stress or injury.24–26,36,39–41 These genes share a
very large, complex regulatory region containing numerous
enhancer (and silencer) elements that are the target for many
different transcriptional regulators. Therefore, one major
mechanism by which different signaling pathways converge
in Drosophila is through transcriptional activation of reaper,
hid and grim. In addition, the proapoptotic activity of the Hid
protein is inhibited upon phosphorylation by MAP-kinase, and

Figure 1 ‘Gas and Brake’ model of apoptosis regulation. This model serves to illustrate some general concepts in the regulation of caspases by both activators (‘gas’) and
inhibitors (‘brakes’) that broadly apply to caspase regulation in diverse organisms. However, it is neither intended to be comprehensive nor universal, as the use of and
requirement for specific cell death proteins can vary significantly among different cell types. Genetic studies in Drosophila originally suggested that caspases are
simultaneously controlled by opposing regulatory pathways.35 Adapter proteins, such as Apaf-1/CED-4, promote caspase activation, whereas negative regulators, notably
IAPs, inhibit caspases. IAPs were originally discovered in insect systems,10 but a family of related proteins wa subsequently described in mammals.8,9 In Drosophila, Diap1 is
absolutely essential to prevent inappropriate caspase activation and ubiquitous apoptosis.11–14 On the other hand, in order for cells to undergo apoptosis, inhibition of Diap1 by
Reaper/Hid/Grim is essential, and virtually no apoptosis occurs in the absence of these genes.23 Inhibition of Diap1 by Reaper-family proteins involves the direct stimulation of
auto-ubiquitination and degradation of Diap1 protein.15 reaper, hid and grim are transcriptionally induced in response to many apoptotic stimuli, and the proapoptotic activity of
the Hid protein is blocked by phosphorylation by MAP-kinase.24–28 The activity of both the ‘gas’ and ‘brake’ pathways is coordinated, at least in part, through the release of
mitochondrial proapoptotic factors.6 Active caspases have been shown to promote the release of proapoptotic mitochondrial factors in mammalian cells, thereby providing a
feedback amplification loop. For example, in mammals the release of cytochrome c from mitochondria activates Apaf-1, whereas Smac/Diablo is thought to inhibit IAPs. In
addition, the proapoptotic mitochondrial ARTS protein can also inhibit IAP function.29–31 Caspase activation in Drosophila spermatids strictly requires cytochrome c32,34 and
also a cullin-3-based ubiquitin ligase complex that appears to target the giant IAP-like ubiquitin-conjugating enzyme dBruce.33 Death receptors can promote caspase activation
through a distinct signaling pathway. Stimulatory (-) and inhibitory interactions (�|) are indicated by green arrows and red T-bars, respectively
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Hid is the target for survival signaling by the EGF-receptor/
Ras-pathway in Drosophila.27,28 Finally, the more recently
discovered Jafrac2 protein also contains an IBM and can
inhibit IAPs upon its release from the endoplasmic reticulum
into the cytosol upon apoptotic stimulation.42 Therefore, it
appears that Reaper-family proteins in Drosophila serve as
links to connect many different signaling pathways with the
core cell death program.7

In mammals, IBM-domain proteins such as Smac/DIABLO
and Omi/HtrA2 have been identified as well.8,9,38 Like in
Drosophila, these proteins use their N-terminal IBM for
IAP-binding and inhibition. However, unlike in Drosophila, all
known mammalian IBM proteins are ubiquitously expressed,
reside within mitochondria in living cells and are released into
the cytosol at the onset of apoptosis. Furthermore, targeted
gene disruption of either Smac/DIABLO, Omi/HtrA2 or both
together in double-mutant mice did not cause increased
resistance toward apoptosis.43–45 Therefore, a physiological
role of these proteins for regulating IAPs remains to be
established, and it is likely that additional IAP-regulators
remain to be discovered in mammals. One example is ARTS,
which also localizes to mitochondria in living cells but
represents a novel type of IAP-regulator.29 ARTS binds to
mammalian IAPs, such as XIAP, inhibits their anti-apoptotic
activity and stimulates auto-ubiquitination of XIAP.30 How-
ever, ARTS contains no detectable IBM motif and appears to
use a distinct mechanism for IAP-binding and inhibition.
Significantly, expression of ARTS is frequently lost in human
leukemia and lymphoma, indicating that ARTS functions as a
tumor suppressor.46 Finally, mice deficient for the Sept4,
which encodes ARTS, display elevated XIAP protein in certain
tissues, have defects in the caspase-mediated elimination of
bulk cytoplasm during spermiogenesis, and are predisposed
to malignancies, in particular lymphoma.31 These observa-
tions support a physiological role of ARTS in caspase
regulation and tumor suppression. In evaluating these
phenotypes, one should keep in mind that mammalian IAP
antagonists are very likely to have redundant functions.
Reaper-family proteins act in a partially redundant manner
in Drosophila, and single-gene mutants have only rather mild
cell death phenotypes.37,47,48 Therefore, it is to be expected
that a similar, if not greater redundancy exists for mammalian
IAP-antagonists, and that appropriate double-mutant combi-
nations are likely to have more severe cell death phenotypes.
Reaper-family proteins use a structurally conserved IBM to

bind BIR domains and thereby prevent them from caspase
inhibition.7,38 In addition, Reaper can stimulate the intrinsic
ubiquitin-ligase activity of IAPs to promote IAP auto-ubiquiti-
nation and degradation.15 Significantly, mammalian IAPs are
also undergoing self-conjugation and ubiquitin-mediated
protein degradation in response to proapoptotic stimuli, but
the precise mechanism by which this occurs is not known.18

Interestingly,DrosophilaReaper, Hid andGrim can effectively
bind to vertebrate IAPs, promote XIAP self-conjugation both
in vitro and in vivo and potently induce apoptosis in certain
mammalian cell types.49–51 Finally, small molecule IAP-
antagonists based on the IBM–IAP interaction are currently
developed as anticancer therapeutics.19,52,53 However, Reap-
er, Hid and Grim utilize additional domains besides the IBM
for potent cell killing.54,55 Therefore, insight into the precise

mechanism by which Reaper-family proteins inactivate IAPs
may lead to additional opportunities to target IAPs for
therapeutic purposes.

Death by Degradation: Coordinate Regulation of
Caspase and Intracellular Proteolysis by
Ubiqutin-Proteasome Proteins

Diap1 is not the only ubiquitin pathway protein playing an
important role in caspase regulation. The E1 enzyme Uba-1,
the de-ubiquitinating enzyme fat facets (faf), the E2-ligases
Morgue and dBruce, SkpA (the Skp1 component of Droso-
phila SCF ubiquitin ligases) and a cullin-3-based E3-ubiquitin
ligase complex have all been implicated in apoptosis and/or
caspase regulation in Drosophila.32,33,56–58 This indicates a
remarkable complexity in the use of the ubquitin-proteasome
system for caspase regulation.
Proteasome function is often required together with

caspase activity for efficient cell death, and proteasome
activity mediates cellular atrophy both during normal devel-
opment and in various diseases.59,60 The coordinate activity
of caspases and the ubiquitin-proteasome system is also
employed for the terminal differentiation of spermatids in
Drosophila. Developing spermatids eliminate the majority of
their cytoplasm and organelles as they become highly
elongated and severely reduce their overall cell volume. This
phenomenon can be viewed as a form of natural, ‘pro-
grammed atrophy’ (i.e. marked loss of cellular proteins in the
absence of cell death). Significantly, elimination of unwanted
proteins and organelles in this system requires the activities of
both canonical cell death proteins, including apoptotic effector
caspases, as well as proteasome activity.32,61 Although
caspase activation in this system does not lead to death of
the entire cell, spermatid differentiation resembles apoptosis
in the sense that many cellular structures are degraded.
Interestingly, caspase activation here strictly depends on a
testis-specific cytochrome c gene and requires the activity of
cullin-3-based E3-ubiquitin ligase complex.33,34 As this
system is both genetically and anatomically highly accessible,
it promises to offer a powerful model to study how the
potentially lethal activity of apoptotic effector caspases is
restricted in time and space to only remove parts of a cell, and
how localized intracellular degradation of proteins and
organelles is achieved to dramatically alter the cyto-architec-
ture and size of cells during normal development. A similar
nonlethal use of apoptotic effector caspases is also seen
during the differentiation of certain neurons, and in the pruning
of neurites.62–65

Stimulation of Tissue Regeneration by Apoptotic Cells

Inactivation of diap1 not only leads to caspase activation and
cell death, but can also promote tissue regeneration. It has
long been known that developing Drosophila tissues can
compensate for the massive loss of cells in response to injury
or stress, a phenomenon termed ‘compensatory prolifera-
tion.’66 A series of studies has shown that apoptotic cells
actively promote tissue regeneration by secreting mitogens
that stimulate proliferation of neighboring progenitor
cells.13,67,68 Doomed Drosophila imaginal disc cells produce
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proteins with known mitogenic and morphogenic activities,
such as Wnts and BMPs.13,68 Furthermore, Wnt signaling is
necessary and sufficient for cell proliferation in this system.13

Significantly, the Wnt pathway has been implicated in
regulating self-renewal of stem cells and tissue regeneration,
both in vertebrates and insects.69–72 Therefore, it is possible
that a similar mechanism operates in vertebrates. Also,
mitogenic signaling by doomed cells may contribute to the
formation of neoplastic tumors. If doomed cells are prevented
from executing apoptosis and are not rapidly cleared (‘undead
cells’), they can continue to release excessive amounts of
mitogens and stimulate tissue overgrowth.13,68 Many cancer
cells have impaired caspase activity and may have properties
of ‘undead’ cells,73 and the abnormal activation of the Wnt
pathway can contribute to oncogenesis.74 Therefore, one so
far overlooked aspect of how these pathways may contribute
to oncogenesis is through compensatory proliferation.
The initiator caspase Dronc plays an important role in the

induction of compensatory proliferation.75 Dronc mutants, but
not Drice mutants, suppress compensatory proliferation
induced by g-irradiation or by expression of apoptotic proteins.
In addition, p53 is required for the induction of compensatory
proliferation and is transcriptionally activated in ‘undead cells’
by a mechanism that requires Dronc function.76 Furthermore,
a recent report implicates Notch and Jak/STAT signaling in
compensatory proliferation as well.57 Finally, Fan and
Bergmann have recently shown that a second mechanism

of apoptosis-induced operates during retinal differentiation in
Drosophila.77 This mechanism involves the caspase-
mediated activation of Hedgehog (Hh) signaling for compen-
satory proliferation. These studies reveal a remarkable
degree of communication between apoptotic cells and their
environment. Because defects in apoptosis or phagocytosis in
mouse mutants can lead to hyperplasia and increased cell
proliferation, it will be interesting to investigate whether this is
due to excessive mitogenic signaling of ‘undead’ cells (for
example, Cecconi et al.78 and Li et al.79).

Conclusions

In hindsight, it is not difficult to see why degradation of key cell
death regulators is highly suited for the commitment of cells to
an irreversible fate, such as death. By redirecting the targets
of IAP-mediated ubiquitilation, from caspases to self, cell fate
can rapidly and radically switch from life to death, in particular
if coupled with the enzymatic amplification of a caspase
cascade. However, what is surprising is how many ubiquitin
pathway proteins appear to participate in this switch, the
extent to which this system is controlled by feedback loops,
and how it is integrated with other cellular pathways, such as
the production of mitogens in injured cells to promote tissue
regeneration. As our understanding of cell death regulation
in Drosophila has progressed, many new questions have
emerged and it is clear that our knowledge of cell death

Figure 2 Many apoptotic proteins localize to mitochondria. The IAP-antagonist Hid localizes to the surface of mitochondria in Drosophila cells (a), and also upon
expression in mammalian cultured cells (b).49 Likewise, the mammalian IAP-antagonist ARTS localizes to mitochondria (c). Diap1, the target for cell killing by Reaper, Hid and
Grim is ubiquitiously distributed in the cytoplasm of Drosophila embryos (d). (a) Cells of the larval epidermis in Drosophila stained with an antibody toward Hid (red staining);
the nuclear membrane is labeled in green. (b) Hid localizes to mitochondria upon expression in mammalian cells. HeLa cells were transfected with an expression vector
containing C-terminally HA-tagged Hid protein. Cells were labeled with CMXRos (Invitrogen, red staining) to label mitochondria, and with anti-HA antibody to visualize Hid-HA
(green label). (c) COS-7 cells were transfected with AU5-ARTS as described in Gottfried et al.30 ARTS expression (green) overlaps extensively with the mitochondrial marker
CMXRos (red). The nucleus was visualized with Dap1 (blue). (d) Confocal micrograph of an early, preblastoderm Drosophila embryo stained with antibodies against Diap1
(red) and a nuclear membrane marker (green)
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pathways is still rudimentary. In particular, much remains to
be learned about how specific cells are selected to undergo
apoptosis in situ. This is an even greater enigma in
vertebrates. One limitation stems from the technical difficul-
ties to conduct cell death studies in the context of normal
organismal development in vertebrates. Another challenge is
how to deal with significant functional redundancy that is
already seen in insect systems, and expected to pose even
greater problems for genetic analyses in vertebrates. In an
effort to reduce this complexity, most mammalian cell death
study has been performed using cultured cells or simplified
biochemical assays. However, as powerful as these ap-
proaches are to investigate the biochemical basis of apopto-
sis, they have obvious limitations for the discovery of new
regulatory mechanisms that select cells for apoptosis in situ.
Another common problem arises from the desire to develop
‘universal’ pathways for apoptosis in a given experimental
system (‘worms,’ ‘flies,’ ‘mouse’). This ignores that different
cell types can show a strikingly different response to a given
signal, and that even the requirement for ‘core cell death
proteins’ (apoptosome proteins, caspases) can vary greatly

among different cell types. Likewise, different caspases
trigger distinct forms of compensatory proliferation in different
cellular contexts during Drosophila development. This con-
text-specificity of cell death signals is poorly understood at
this point, but progress here will be extremely important to
successfully manipulate apoptosis for therapeutic purposes.
Drosophila offers a powerful model to advance our knowledge
in this area, as regulation of cell death is considerably more
plastic and complex than in C. elegans, yet it is accessible to
systematic forward genetic screens. Many new concepts
have already emerged from studying apoptosis in Drosophila,
and it is likely that new insights will continue to provide an
intellectual framework for a better understanding of mamma-
lian apoptosis (Figures 2 and 3).
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Figure 3 Apoptotic effector caspases are used to eliminate unwanted organelles and cytoplasm during sperm differentiation. (a) Schematic presentation of progressive
stages during spermatid differentiation in Drosophila. During their terminal differentiation, spermatids eliminate the majority of their cytoplasm and organelles in a process
termed ‘individualization.’ An actin-based ‘individualization complex’ (illustrated by red triangles) drives the expulsion of unwanted cellular material from a syncitium of 64
closely associated spermatids. The cellular waste is collected into ‘bubble-like’ structures termed ‘cystic bulges’ (CB), which grow in size as they collect increasingly more
material during their travel away from the nuclei toward the tail. At the end of this journey, the CBs pinch off to form the ‘waste bag’ (WB), which is subsequently degraded. This
process shares many features with apoptosis and requires canonical cell death proteins, including apoptotic effector caspases.32 Interestingly, caspase activation in this
system strictly requires a testis-specific cytochrome c gene.34 As this system is highly accessible to a combination of anatomical, molecular and genetic analyses, it presents a
powerful model to investigate how capases are activated, and how their potentially lethal is restricted in time and space to dramatically alter cell architecture. (b) Cystic bulges
(CB) contain high levels of active caspase-3-like activity, as visualized with an antibody toward active caspase-3 (green label).32 Actin filaments labeled with phalloidin (red
staining) promote CB movement from the nuclear region to the tail of the developing spermatids. (c) Active caspase-3 staining (green) is initiated as cystic bulges form in the
vicinity of the spermatid nuclei (Dapi, blue staining). Note the close proximity between the actin filaments (phalloidin, red staining), nuclei (blue) and active-caspase-3 staining
(green)
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