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Cell death is ubiquitous in animals, both during devel-
opment and in the adult. Much of this death shows
characteristics of apoptosis, a form of cell death origi-
nally defined on the basis of the recognition that many
dying cells undergo a stereotypical series of morpholog-
ical changes, followed by phagocytosis by neighbouring
cells or specialized phagocytes1. During development,
the role of apoptosis is to sculpt structures, remove
excess cells and delete tissues that have outlived their
usefulness. Apoptosis also has an important cellular
proofreading function during development: it is used
to eliminate gametes and other embryonic cells with
damaged DNA or abnormal chromosome content, as
well as cells that are in inappropriate locations2–4. In the
adult, apoptosis is important for tissue-size homeo-
stasis, for balancing proliferation with cell death and for
selection of the immune repertoire. Apoptosis is also
important in defence against potentially dangerous
cells: cells that are infected with viruses or other
pathogens, cells with DNA damage and cells that are
proliferating inappropriately5–8. Not surprisingly, deregu-
lation of cell death has severe consequences for the
developing organism and adult. Inappropriate cell
death is associated with degenerative neurological dis-
eases, stroke, cardiac ischaemia and immune suppression
associated with AIDS, whereas suppression of naturally
occurring cell death contributes to autoimmune disease
and cancer5,9–13.

Drosophila melanogaster is a useful system in which
to study apoptosis because it occurs throughout the fly
life cycle and in response to a number of insults that are
relevant to human disease4,12–15. In addition, where it
has been studied, cell death in flies and mammals uses
similar machinery and mechanisms of regulation16,17.
These observations confirm our belief in the universal-
ity of mechanisms that control cell survival and death.
They also provide a firm intellectual foundation for a
growing body of work that aims to use D. melanogaster
to model human neurodegenerative diseases (reviewed
in REFS 12,13). In a more applied context, the design of
insect control agents to combat agricultural pests and
disease vectors through the selective promotion of
apoptosis or generation of sterile flies will also benefit
from this work18.

Many genetic tools are available in D. melanogaster.
These include tools for gene targeting, a growing col-
lection of fly lines containing single-gene disruptions
and the ability to drive tissue-specific gene expression
or carry out RNAi-MEDIATED KNOCKDOWN with a high
degree of spatial and temporal control. In addition, the
development of sophisticated genetic screens makes it
possible to search for genes that participate in particu-
lar signal-transduction pathways or biological processes
in essentially any cell type (reviewed in REFS 19–21). These
tools have recently been used to identify new protein-
encoding genes required for cell viability22, as well as
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SATURATION

A screen that is designed to
induce at least one mutation in
every gene is said to have been
carried out to saturation.
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have also recently been identified23–30, as have non-
apoptotic roles for core components of the cell-death
execution machinery31–34. Together, these observations
emphasize the fact that the regulation of cell survival
always occurs in a specific cellular context, and that the
outcome of miRNA or protein expression involved in
the cell-death pathway depends on a number of factors
— including cell-cycle and differentiation state, cell
type, interacting RNAs and proteins, and signals from
neighbouring cells — that are just beginning to be
explored.

In this review, we first describe the core of the apop-
totic cell-death machinery in D. melanogaster and com-
pare it with that of worms and mammals. This brief
overview is not meant to be exhaustive, but to introduce
the reader to the common logic that underlies cell-death
signalling across species. More detailed discussions of
the cell-death machinery in individual species can be
found in other reviews16,17,35–37. We then highlight several
areas of cell-death research in which there are outstand-
ing questions, thereby providing opportunities for fur-
ther research in flies. With this as a background, we then
describe the various genetic approaches that have been
or could be used to identify regulators of cell death.

Caspases: the core of the cell-death machine
In flies and vertebrates (and probably in worms as well),
most, if not all cells can undergo apoptosis in the absence
of new gene expression, indicating that the components
required to carry out apoptosis are present and ready for
activation38,39. The core of the cell-death machinery con-
sists of members of a family of proteases known as cas-
pases35, which become activated in response to different
death signals. Active caspases then cleave various differ-
ent cellular substrates that ultimately lead to cell death
and corpse phagocytosis. Most cells, if not all, constitu-
tively express caspase zymogens (inactive precursors)
that are sufficient to bring about apoptosis. So, the key to
cell death and survival signalling is in controlling the
levels of active caspases in the cell. As discussed in
this review, several basic strategies are used to regu-
late caspase activity, and the core proteins that drive
caspase-dependent death are evolutionarily conserved.
Interestingly, however, different organisms seem to
emphasize distinct points of control. It is unknown
whether these distinctions reflect chance events in evolu-
tion or specific selective pressures that have been acting
on these organisms.

Cell death in Caenorhabditis elegans. In worms, the sole
cell-death caspase, cell-death abnormality-3 (CED-3),
and its activator, the adaptor protein CED-4, are present
ubiquitously. No inhibitors of activated CED-3 have
been identified. However, most cells are protected from
death by the expression of CED-9 (an anti-apoptotic,
multidomain BCL2-family protein), which inhibits
CED-4-dependent CED-3 activation. In many cells that
are chosen to die, a small pro-apoptotic EGL-1 protein
(of the BH3-only BCL2 family) is expressed and dis-
rupts interactions  between CED-9 and CED-4, thereby
allowing CED-4 to promote CED-3 activation

genes that encode microRNA (miRNA) inhibitors of
cell-death23,24. The screens that led to the identification
of these molecules did not proceed to SATURATION, mak-
ing it almost certain that more components remain to
be identified. Which of these molecules are important
components of cell-death control mechanisms, and
the contexts in which they function, are largely
unknown. Proteins and miRNAs that coordinately reg-
ulate proliferation or fat metabolism and apoptosis
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Figure 1 | The core apoptosis machine compared in Caenorhabditis elegans,
Drosophila melanogaster and mammals. a | In C. elegans, the adaptor protein CED-4
promotes the activation of the caspase CED-3. CED-4 activity is inhibited by the Bcl2 family
member, CED-9. Various stimuli promote death by inducing tissue-specific expression of 
EGL-1, which disrupts CED-9 function. b | In D. melanogaster, the adaptor protein ARK
(homologous to CED-4 in worms and APAF1 in mammals) promotes activation of the apical
caspase DRONC in many cells that should normally live. This activation might be regulated by
the pro- and anti-apoptotic multidomain Bcl2 family members DEBCL and Buffy, but this is
largely speculative (indicated by the question mark associated with the arrow). DIAP1, an
inhibitor of apoptosis protein (IAP), inhibits Dronc and the effector caspases activated by
DRONC, such as DRICE. DIAP1-binding proteins such as RPR, HID, GRIM, SKL and
JAFRAC2 (indicated by ‘RHG’) partly promote death by disrupting ‘the anti-caspase’ function
of DIAP1. c | In mammals, APAF1-dependent activation of caspase 9 (functionally homologous
to DRONC in flies), is highly regulated by Bcl2 family proteins. Anti-apoptotic multidomain
proteins are represented by Bcl2, and pro-apoptotic multidomain proteins by BAX and BAK.
Many death stimuli promote the expression or activation of BH3-only family members, which
facilitate BAX- and BAK-dependent release of pro-apoptotic, mitochondrially localized proteins;
among these proteins are cytochrome c, which promotes APAF1 activity, and the IAP-binding
protein SMAC/DIABLO, which disrupts the anti-caspase activity of IAPs. In a separate
pathway, ligand-bound death receptors recruit adaptors such as FADD, which then recruits
and activates apical caspases such as caspase 8. In both pathways, apical caspase activation
leads to cleavage and activation of downstream caspases such as caspase 3 and caspase 7.
Also, in both pathways, IAPs inhibit active caspases.
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Cell death in Drosophila melanogaster. In contrast to
the previously mentioned systems, in which caspase
activation serves as the main point of control, in 
D. melanogaster, many cells experience chronic activa-
tion of the apical cell-death caspase DRONC (encoded
by NC) mediated by the adaptor ARK, the fly homo-
logue of CED-4 in worms and APAF1 in mammals
homologue (REFS 45–49) (see FIG. 1b). If unrestrained,
active DRONC cleaves and activates downstream effec-
tor caspases that bring about cell death. Cells survive
because they express DIAP1 (encoded by thread
(th))39,50 ; this IAP suppresses DRONC activity, as well as
that of the caspases that are activated by DRONC
(reviewed in REF. 51). In one important pathway, caspase-
dependent cell death is induced by regulating the
expression of pro-apoptotic proteins such as RPR
(Reaper), HID (Head involution defective, also known as
Wrinkled (W)), GRIM, SKL (Sickle) and JAFRAC2 (the
RHG proteins). These proteins disrupt DIAP1–caspase
interactions through several mechanisms, each of which
has the effect of unleashing a cascade of apoptosis-
inducing caspase activity (reviewed in REF. 52). Binding
of RHG proteins to DIAP1 can also disrupt interactions
between DIAP1 and TRAF1, thereby leading to activa-
tion of Jun amino-terminal kinase (JNK)53. JNK,
which can also be activated through a TNF-like receptor-
mediated pathway (of unknown function), promotes cell
death in flies in some contexts (reviewed in REF. 54) (FIG. 2).
Proteins that perform analogous anti-IAP functions are
present in mammals (FIG. 1c), but not in C. elegans,
which, as noted previously, lacks identified caspase
inhibitors.

To summarize, in flies, DIAP1 defines an important
site at which different death signals are integrated
(dependent on the relative levels and activities of RHG
proteins, DIAP1 and pro-apoptotic DIAP1-interacting
proteins), and at which an output — caspase activity —
is determined. By contrast, mammalian IAPs seem to
have more of a role in modulating cell death. In this sys-
tem, the analogous life or death calculation is often
made at the level of interactions between pro- and anti-
apoptotic members of the Bcl2 family, which regulate
the release of pro-apoptotic proteins from mitochon-
dria. As discussed in subsequent sections, the roles of
Bcl2 proteins in D. melanogaster are just beginning to be
described.

Outstanding questions and opportunities in flies.
The D. melanogaster cell-death mechanism outlined
previously highlights the principal components and
features of the canonical fly apoptosis machinery,
and identifies several key points of regulation in vivo —
the transcriptional or post-transcriptional activation of
several RPR-, HID- and GRIM-like proteins and their
effects on IAP family members. However, many ques-
tions remain to be addressed. For example, how do
these components interact with one another and regu-
late each other’s activity? RPR, GRIM, and probably
SKL, also have pro-apoptotic activities that are indepen-
dent of interactions with DIAP1 (REFS 55–58). Nothing is
known about these pathways. Also, what is the nature of

(reviewed in REF. 40,41). Therefore, in this system, the
decision to activate caspase-dependent cell death is
made at an upstream level, through inhibition of
CED-9, an inhibitor of caspase activation (FIG. 1a).

Cell death in mammals. In mammals, the primary
decision to activate caspase-dependent cell death is
usually made at the level of positive death signals;
these signals activate so-called ‘initiator’ caspases,
which promote apoptosis by cleaving and thereby
activating short, prodomain ‘effector’ caspases36. These
latter proteases mediate cell destruction by cleaving a
range of substrates42. Caspase activity in mammals is
negatively regulated at several levels. Most impor-
tantly for the purposes of this review, the activity of
activated caspases is dampened through several mech-
anisms by the inhibitor of apoptosis (IAP) family of
proteins43,44 (FIG. 1c).
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Figure 2 | Regulation of cell death in Drosophila melanogaster. A more detailed illustration 
of several cell-death pathways. The TNF-family ligand Eiger binds the receptor Wengen in
physiological contexts that remain to be identified. This leads, through ill-defined steps (the two
arrows), to activation of Misshapen (MSN), the c-Jun N-terminal kinase (JNK) kinase kinase
kinase (JNKKKK). MSN phosphorylates and activates TAK1 (the JNKKK), which promotes
activation of Hemipterous (HEP; the JNKK). HEP phosphorylates and activates JNK. In a second
pathway leading to JNK activation, binding of Reaper (RPR) to DIAP1 (not shown) results in
stabilization of the tumour-necrosis factor-associated factor 1 (TRAF1), because DIAP normally
destabilizes it; this leads to the activation of the apoptosis signal-regulating kinase 1 (ASK1) and
to JNK activation. JNK activation promotes cell death in some, but by no means all contexts.
Members of the RHG family of DIAP1-binding proteins (orange cloud), are regulated through
several pathways. RPR expression is activated in most, if not all, dying cells in the embryo, and 
is also induced by various stimuli. JAFRAC2 is released from the endoplasmic reticulum (ER) in
response to UV irradiation (ER stress). HID is negatively regulated by the epidermal growth 
factor (EGF) receptor/Ras/MAPKinase pathway through phosphorylation (EGF signalling). The
bantam miRNA negatively regulates HID translation, whereas hippo/salvador/warts stimulate 
HID expression. All RHG family members bind to DIAP1 and inhibit its anti-apoptotic activities. 
In addition, at least RPR and GRIM also have DIAP1-independent pro-apoptotic activities, one of
which is the general inhibition of translation. The mir-14 miRNA inhibits cell death and fat storage
through unknown mechanisms.
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family members, encoded by debcl (also known as
drob1, dborg1 or dbok) and Buffy (also known as
dborg2); these proteins have pro- and anti-apoptotic
activity, respectively, making them good candidates for
upstream regulators of caspase activation (reviewed in
REF. 66). Fly BH3-only proteins have not been identi-
fied. RNA INTERFERENCE (RNAi) mediated knockdown of
debcl results in a decrease in naturally occurring cell
death in the embryo. In addition, Buffy expression sup-
presses debcl-dependent death, as well as that owing to
loss of DIAP1 in the embryo. These observations are
consistent with models in which DEBCL and BUFFY
participate in the canonical pathway (reviewed in REF. 66).
Curiously, however, mutations in debcl and Buffy have not
been identified in the many screens that have been car-
ried out for components of the RHG–DIAP1 pathway
(FIG. 1b). In addition, at least in cells in culture, the results
of RNAi-based knockdown experiments have provided
no evidence of a crucial role for cytochrome c in caspase
activation45,48. One possibility is that debcl and Buffy func-
tion in the canonical pathway, but at a point that is not
identified in current screens for canonical pathway com-
ponents.Alternatively, they might participate in a parallel
pathway. In either case, the signals that regulate their
expression and activity are unknown. Mutants that dis-
rupt these genes would be useful for addressing these
questions, because they would allow the determination
of EPISTATIC relationships with canonical pathway com-
ponents such as rpr, hid, grim and th. Mutants would
also indicate the tissues in which these genes are
required in the fly. This would provide the information
necessary to construct SENSITIZED GENETIC BACKGROUNDS

(created by RNAi-driven, tissue-specific, partial loss-
of-function phenotypes) that would facilitate screens
for interacting components (see later section on DOMINANT

MODIFIER SCREENING).

Naturally occurring cell death: evidence for non-canonical
pathways. As noted above, not all naturally occurring cell
deaths require the activation of the canonical pathway.
Four examples from D. melanogaster illustrate this point.

During the late stages of oogenesis, germline-
derived NURSE CELLS transfer the bulk of their cytoplasm
to the growing oocyte in a process called ‘dumping’.
Shortly after, the nurse cells die, showing many fea-
tures of apoptosis (reviewed in REF. 67). Dumping and
apoptosis might be linked because, in some mutants in
which transfer of the nurse-cell cytoplasm does not
happen, nurse cells do not undergo apoptosis. Analysis
of hypomorphic or null mutants indicates that this
death requires the cell-cycle regulators E2F and DP1,
and the zinc-finger protein-encoding gene pita, but
does not require rpr, hid, grim or the caspase Dcp1.
Nurse-cell death is also insensitive to overexpression of
DIAP1 (reviewed in REF. 67). Together, these observations
support the arguement that nurse-cell death occurs
through a novel, perhaps caspase-independent pathway.
Loss-of-function or germline-overexpression screens for
female-sterile mutants with a ‘dumpless’ phenotype
provide one approach to identifying regulators of this
process.

the apical signals that drive apoptotic caspase activation
in the many contexts in which cell death functions in
the fly? Finally, there are many cases of cell death in the
fly, both naturally occurring and investigator-induced
(such as fly models of neurodegenerative diseases) that
use pathways other than the canonical pathway
described above. These remain relatively unexplored. In
the subsequent sections, we highlight some of these
questions in more detail.

Naturally occurring cell death: the canonical pathway.
What are the control points at which cell fate — survival
or death — is regulated? In many cells targeted for
death, transcriptional upregulation of combinations
of rpr, hid, grim and skl has an important function.
However, in most but not all cases (reviewed in 
REFS 59,60), the identities of factors that drive expression of
these or other death activators, such as DRONC, in spe-
cific cell populations are unknown. Clearly, there is
much work to be done here. Genetic screens for
mutants in which specific, naturally occurring cell
deaths fail to occur provide a ‘top–down’ method to
identify these genes61. An alternative, ‘bottom–up’
approach would be to identify and characterize genomic
regulatory regions — transcription-factor binding sites
and the factors that bind them62,63.

A second important unanswered question concerns
whether there are upstream regulators of caspase activa-
tion in D. melanogaster. In mammals, cytochrome c,
which is released from mitochondria in response to
different stresses (FIG. 1c), serves as an important death
signal, as it promotes APAF1-dependent activation of
caspase 9. By contrast, fly proteins that promote ARK-
dependent activation of DRONC have not been identi-
fied. Do these regulators simply not exist, or have they
just been missed? Evidence that there is a level of control
upstream of or in parallel to transcriptional activation
of rpr, hid and grim comes from the study of corpse
phagocytosis. When cells die, they are phagocytosed by
their neighbours or by phagocytes (reviewed in REF. 64).
Embryos that lack rpr, hid and grim, or wild-type
embryos in which effector apoptotic caspases have been
inhibited by expression of the BACULOVIRUS CASPASE

INHIBITOR P35, show a pattern of cell phagocytosis similar
to that observed in wild-type embryos65. This indicates
that many cells targeted for death experience a previ-
ously unrecognized rpr-, hid-, grim- and caspase-
independent signal that targets them for elimination.
This could reflect the activity of an unidentified upstream
element in the RHG–DIAP1 pathway or activation of an
(unexplored) parallel pathway.

Candidates for molecules that are involved in such a
pathway (in either model) are members of the Bcl2
family of proteins. In mammals, interactions between
pro- and anti-apoptotic multidomain Bcl2 proteins
and BH3-only pro-apoptotic Bcl2 proteins, which are
each activated in response to specific environmental
signals, control the release of cytochrome c and other
pro-apoptotic factors, some of which promote death
through caspase-independent mechanisms (reviewed
in REF. 36). D. melanogaster has two multidomain Bcl2

BACULOVIRUS CASPASE

INHIBITOR P35

Baculoviruses are large DNA
viruses that infect arthropods.
p35 is a baculovirus-encoded
protein that inhibits cell death by
acting as a suicide substrate for
many caspases.

RNA INTERFERENCE (RNAi)

A form of post-transcriptional
gene silencing, in which dsRNA
induces degradation of the
homologous endogenous
transcripts, mimicking the
effect of the reduction, or loss,
of gene activity.

EPISTASIS

When the phenotype associated
with mutation of a gene (A) is
masked by mutation in a second
gene (B), B is said to be epistatic to
A. In a switch pathway (a pathway
in which the output is one of two
states, often developmental fates),
such an observation would
indicate that genes A and B act in
the same pathway, and that A acts
through B.

SENSITIZED GENETIC

BACKGROUND

A genetic background in which
modest (twofold) changes in the
dose of pathway components
produce a phenotype that would
not be observed in a wild-type
background.

DOMINANT MODIFIER SCREEN

A signalling pathway is
hyperactivated or partially
deactivated in a specific tissue.
These flies are often sensitive to
modest changes in the levels of
pathway components
(heterozygosity) that would
otherwise not result in a visible
phenotype — but only in the
specific tissue that is targeted.

NURSE CELLS

Female germline-derived cells
that support the development of
the oocyte. Nurse cells are
interconnected to each other and
to the developing oocyte
through intercellular bridges
that facilitate transport of RNA
and protein into the growing
oocyte.

IMAGINAL DISC

An epithelial sheet of cells that
occurs as a sac-like infolding of
the epithelium in the larva.
Small groups of imaginal disc
founder cells arise in the
embryo. They continue to divide
until pupation, when they
differentiate into many adult
structures (wings, legs, eyes,
antennae and genitalia).
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other cell types. Interestingly, some of the genes lack
clear homologues in other species, indicating that they
are unlikely to be housekeeping genes and might iden-
tify novel points of regulation. These observations,
together with those already described, indicate that we
have just begun to scratch the surface in terms of identi-
fying and characterizing cell-death regulators and the
contexts in which they function.

Finally, it is important to note that HID, as well as
several caspases whose activation is thought to be cru-
cial for naturally occurring cell death — DRONC,
DRICE and DCP1 — also participate in non-apoptotic
processes. These include SPERMATID differentiation32,
compensatory proliferation in response to ectopic cell
death in imaginal discs33 and ovarian BORDER-CELL migra-
tion34 (FIG. 3). Caspases also have non-apoptotic roles in
mammals (reviewed in REFS 72,73). The pathways that
drive caspase activation in these non-apoptotic contexts,
and the identities of important caspase targets, are not
known. But the genes encoding these molecules can
presumably be identified in the fly from mutants that
have phenotypes similar to those associated with cas-
pase inhibition in the aforementioned contexts. It is also
unclear how cells that activate apoptotic caspases in
non-apoptotic contexts avoid cell death. It seems proba-
ble that tight control over the site of caspase activation
(or stabilization of the active caspase), or perhaps the
action of novel inhibitors, will be important. Screens for
mutants in which excess caspase activation and/or cell
death occur during spermatid differentiation (resulting
in male sterility) or border-cell migration (resulting in
female sterility) provide a straightforward approach to
identifying these molecules.

Forward genetic approaches
Pioneering screens in C. elegans identified the global
regulators of cell death: the caspase CED-3, its activating
adaptor CED-4 and the CED-4 inhibitor, CED-9
(reviewed in REF. 40). Caenorhabditis elegans was (retro-
spectively) a particularly advantageous organism in
which to carry out such a screen because although the
loss of naturally occurring cell death resulted in a visible
phenotype (an absence of corpses in a sensitized back-
ground in which corpse phagocytosis failed to occur), it
was not lethal. So, it was possible to identify mutations
in global regulators of cell death simply by screening for
viable animals that lacked cell death-associated corpses.
Workers with other organisms, such as flies, zebrafish
and mammals, in which cell death has many essential
functions during development, are not so fortunate, and
therefore demand the use of different screening strate-
gies. Below, we describe some of the main genetic-
screen-based approaches that have been, or could be,
used to identify cell-death regulators in the fly.

The F
2

loss-of-function screen. One common approach is
the F

2
screen (FIG. 4a). As already described for C. elegans,

in some fortunate situations, interesting mutants show
homozygous viablility. Indeed, the first cell-death
mutants in flies that were identified as such, roughest
and echinus, are homozygous-viable recessive mutants

Massive amounts of larval tissue are destroyed and
replaced by cells derived from IMAGINAL DISCS during
metamorphosis. Much of this death is AUTOPHAGIC, rather
than apoptotic in morphology (reviewed in REF. 68).
Canonical pathway components (caspases, Rpr, HID
and DIAP1) participate in these deaths. However, the
results of transcriptional profiling experiments indi-
cate that tissues undergoing autophagic death express
a distinct set of genes that has little overlap with that
seen in cells undergoing apoptosis induced by ionizing
radiation. This, together with observations that inhibi-
tion of caspases — by expression of p35 or dominant
negative versions of DRONC — prevents some, but
not all changes in cells targeted for autophagic cell
death, provides evidence that these deaths use distinct
pathways (reviewed in REF. 68).

Several dominant and recessive neurodegenera-
tive diseases have been modelled in D. melanogaster
(reviewed in REFS 12,13,69). Where examined, the cell
deaths that take place in these diseases are at least in
part caspase-independent, in that they are not inhibited
by co-expression of baculovirus p35 (REFS 70,71).
Dominant modifier screens, to illustrate one approach,
have begun to identify regulators of these deaths
(reviewed in REFS 12,13,69), but little else is known about
the effector mechanisms involved.

A recent genome-scale RNAi screen in two D. melano-
gaster haemocyte cell lines identified several uncharacter-
ized genes required for cell survival22. As the cell lines
that have been tested only express a fraction of fly genes,
it is almost certain that more of these genes exist for

SYNCYTIUM

A multinucleate cell in which the
nuclei are not separated by cell
membranes.

AUTOPHAGY

In autophagic cell death, as
opposed to apoptotic cell death,
the cell is degraded largely from
within, with little or no help
from phagocytes. Bulk
cytoplasm and organelles are
sequestered within double-
membrane-bound vesicles.
These ultimately fuse with the
lysosome and their contents are
degraded.

SPERMATID

A post-meiotic haploid male
germ cell.

BORDER CELLS

A small group of specialized
somatic follicle cells. They
delaminate from the follicular
epithelium, invade the
underlying germline tissue
and migrate towards the
oocyte.
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Figure 3 | Non-apoptotic roles of apoptotic caspases in Drosophila melanogaster.
a | During the late stages of spermatogenesis spermatids, which develop within a SYNCYTIUM,
must become separated from each other. This individualization involves the activity of many
caspase cascades, including those that culminate in the activation of DRONC and DCP1,
DREDD and DRICE32. The mechanisms by which these cascades are activated, and their targets,
are unknown. b | During the migration of somatic follicle cells, known as border cells, Profilin and
Rac interact with DIAP1, which inhibits DRONC activity. DRONC participates in border cell
migration34. When cells in the fly wing-disc die as a result of stress (induced by heat or X-ray
irradiation), they are replaced by neighbouring cells, which undergo compensatory proliferation.
This helps to maintain a constant tissue size. DRONC activity is required for compensatory
proliferation, although where and how DRONC acts is unknown33. 
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(also known as a deficiency) for a specific region of the
genome. They screened collections of living embryos
from these lines with Acridine orange, a fluorescent
dye that is taken up and retained by many dying cells
(FIG. 5a,b). Using this collection, they were able to test
60–70% of the genome for global cell-death activators

with specific defects in naturally occurring cell death in
the fly eye74. A more recent F

2
screen for global regula-

tors of cell death eliminated the requirement for
homozygous viability75. White and colleagues (fortu-
itously) used as their ‘mutagen’ a set of publicly available
BALANCED STOCKS that each carried a heterozygous deletion

MITOTIC RECOMBINATION

A crossover between two
homologous dsDNA molecules
that leads to a physical exchange
of DNA and genetic
information. This
recombination occurs frequently
during meiosis, but is relatively
rare during mitosis. As a
consequence of mitotic
recombination, cells can
undergo a ‘loss of
heterozygosity’ or gene
conversion.

BALANCED STOCK

A stock that carries a lethal
mutation on one chromosome
homologue, and a balancer
chromosome on the other. A
balancer chromosome carries
multiple inversions that prevent
recombination with the lethal-
bearing chromosome, a recessive
lethal mutation and a dominant
marker. Matings between
balanced lethal flies produce
only balanced lethal adult
progeny — a stable stock.

Mutagen

Balancer
×

×

×

×

25% 50% 25%

a

c

b

d

Parent

F1

F2

F3

Balancer homozygotes
Embryonic lethal

Heterozygotes viable Mutant homozygotes
Screen for phenotypes

Mutagen (deletion, EMS, 
X-ray, transposon)

Sensitized background

No effect Enhancer Suppressor

dsRNA mix

Identify genes 
that enhance or 
suppress cell death

Death signals

GFP FLP

FRT

G2

FRT

M

+

Homozygous
mutant clone

Wild-type
twin-spot

Cell death during 
wing development

Cell death 
suppressed in 
mutant clones

Figure 4 | Genetic screens for cell-death regulators in Drosophila melanogaster. a | In an F2 screen, animals homozygous
for a mutation (the red and yellow asterisk), generated through the series of crosses indicated, are examined for phenotypes
suggestive of defects in cell death. These might include embryonic lethality or, if the homozygotes are viable, phenotypes such
as defective adult structures (eyes or wings), male or female sterility or a short lifespan. A balancer chromosome (Balancer)
prevents recombination with the chromosome that is being mutagenized and homozygosed. b | In a clone-based screen, the
goal is to generate marked patches of homozygous mutant tissue in an otherwise heterozygous (and therefore viable)
background. In brief, the FLP/FRT system is used to drive MITOTIC RECOMBINATION on a specific chromosome arm (the one that
carries FRT sites that are targets for the FLP recombinase) in specific populations of cells (those that are mitotically active and
that express the FLP recombinase). If these flies are heterozygous for a mutation (as would be the case if one of the parents were
mutagenized in the previous generation), then clones of tissue homozygous for the mutation will be generated in the tissue of
interest. In the flies illustrated, clones of mutant tissue are generated in the wing for a mutation that blocks normal cell death;
expression of green fluorescent protein (GFP) is lost from the wing cells that die (see main text) so the adults contain patches of
green (GFP positive) tissue on a dark (heterozygous or homozygous wild-type (the twin-spot)) background. c | In a dominant
modifier screen, wild-type flies are mutagenized and crossed to flies that are in some way sensitized. In this case, they have small
eyes owing to expression of a death activator in the eye. Progeny are screened directly for enhancers or suppressors, which
might encode other pathway components. An important limitation of the dominant modifier screen is that only components for
which activity is rate-limiting (sensitive to a two fold decrease or overexpression) in the sensitized background will be identified.
Therefore, to gain a complete picture of a pathway it is often necessary to carry out many screens using flies that are sensitized
at different points in a pathway (reviewed in REF. 19). d | In a cell-culture-based RNA interference (RNAi) screen, cells in 96-well
plates are treated with dsRNA for many genes (as many as you want to test) and some cellular phenotype is assayed several days
later. In the illustrated case, the cells have been treated with a mild death stimulus that causes a fraction of them to die (the pink
wells). Inactivation of genes that promote cell death results in increased cell survival (green wells), whereas inactivation of genes
that promote cell survival result in increased cell death (red wells). EMS, ethyl methanesulphonate; M, mitosis.
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zygotic expression of rpr, hid and grim, and of th are
globally required to promote naturally occurring cell
death and cell survival, respectively, in the embryo. The
screen that led to the identification of the RHG region
examined only a fraction of the genome, and no screens
have been carried out for genes, such as diap1, that are
required globally for cell survival in the embryo.
Similarly, no screens have been carried out for genes
that promote or prevent cell death induced in the
embryo by environmental stresses such as UV irradia-
tion (a screen for regulators of UV-dependent death in
the eye has been carried out80) or hypoxia. Particularly
with respect to hypoxia, D. melanogaster embryos are
fairly unusual. Embryos can survive days in the absence
of oxygen and resume normal development when oxy-
gen is restored81. This contrasts with the rapid cell death
that occurs when mammalian cells such as neurons or
cardiomyocytes are similarly deprived9. The question of
how hypoxia resistance in flies is brought about can be
posed in many ways (REF. 82). One of these is: why don’t
these cells die? A simple screen for homozygous
embryos that are hypoxia sensitive (such as a deficiency
screen similar to that which led to the identification of
rpr, hid and grim) could provide some answers.

Tissue-specific loss-of-function screens. It is also possible
to carry out tissue-specific loss-of-function screens for
death regulators using a clone-based screening
approach (FIG. 4b). This strategy has been used to identify
genes that negatively regulate cellular growth, by scor-
ing for a clone-overgrowth phenotype. Of particular
interest for the purposes of this review are screens that
identified mutations in three evolutionarily conserved
genes, hippo (hpo25–27,29, also known as dMST 28),
salvador (sav; REF. 83, also known as shar-pei (shrp; REF. 84))
and warts (wts; REF. 85, also known as lats; REF. 86). Loss
of any of these genes results in a marked overgrowth of
clone tissue. These genes normally function (at least in
part together) in a similar way to tumour suppressors,
by restricting proliferation and promoting death.
They promote death — through mechanisms that
remain to be described —partly by downregulating
DIAP1 levels and upregulating HID transcription
(reviewed in REF. 87) (FIG. 2).

Clone-based screens that are focused specifically on
identifying cell-death regulators have not been carried
out. However, they easily could be. The key, as in all
genetic screens, is the ability to rapidly identify the phe-
notype of interest — cells in which cell-death signalling
is disrupted. The adult wing provides an example of
how this could be done. Epidermal cells that make up
the D. melanogaster wing — can be visualized in living
animals that express a nuclearly localized green fluores-
cent protein (GFP) in cells of the wing. GFP staining in
wing-epidermal cells of wild-type animals is normally
lost after about 2 hours. However, it remains when cell
death is prevented by caspase inhibition88. This pheno-
type provides an ideal readout for a clone-based screen
for cell-death activators (FIG. 4b).

Clone-based screens can also be carried out in tissues
in which the phenotype scored for is (initially) an indirect

(the loss of which should result in a decrease in cell
death) in only ~200 crosses. Deletions of the 75C region
of the fly genome resulted in the loss of essentially all
naturally occurring cell death75. This region was subse-
quently found to contain three pro-apoptotic genes,
rpr, hid and grim, each of which contributed to the
deficiency phenotype75–77. So, a deficiency screen for
global cell-death regulators succeeded where a traditional
F

2
screen for single-gene mutations would have failed, as

mutations that eliminate rpr78 or hid 76 alone still have
significant levels of naturally occurring cell death.

There has recently been a notable increase in the
quantity and quality of the tools available for carrying
out deficiency and single gene disruption F

2
screens

(and other screens, as detailed below). It is now possible
to create designer deficiencies with molecularly defined
breakpoints. Collections of these deficiencies, generated
in an ISOGENIC genetic background, are becoming pub-
licly available, as are lines of flies that carry transposon
insertions in or near more than 50% of annotated genes
(reviewed in REF. 79). This collection, in conjunction
with preexisting collections of single-gene mutations
generated using chemicals or radiation, greatly facilitates
the identification and cloning of interesting genes in the
identified intervals (see the discussion of the cloning of
DIAP1 below).

These new F
2
screening tools will benefit several stud-

ies of cell death in the embryo. As previously discussed,

ISOGENIC

Cells or organisms that are
derived from the same parent
and therefore have almost
identical genomes.

a

e f g h

c d

b

Figure 5 | Cell death phenotypes in Drosophila melanogaster. a,b | Wild-type (a) and H99
homozygous (b) embryos stained with the dye Acridine orange. The H99 deletion removes reaper
(rpr), head involution defective (hid) and grim. Wild-type embryos show high levels of cell death
(green spots), whereas H99 embryos show no specific Acridine orange staining. c | An eye
imaginal disc from a wild-type third-instar larva stained with Acridine orange shows low levels of
death. d | Eye discs from flies that express GMR-rpr (GMR stands for glass multimer reporter)
show high levels of death in the regions of the disc in which the GMR promoter drives gene
expression. e–h | Wild-type adult fly eyes show a crystalline array of roughly 800 ommatidia (eye
units; e). Expression of GMR-rpr results in increased cell death and a smaller eye (f). This
phenotype is enhanced when one copy of diap1 (as well as many other genes) is removed using
the deficiency chromosome TH117 (g). A similar phenotype is seen when GMR-rpr flies are
heterozygous for th5, a point mutation in the diap1 coding region (h). Panels e–h reproduced with
permission from REF. 50 © (1995) Elsevier Science.
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cell-death activator. The eye is an ideal system for domi-
nant modifier screens because it consists of a large,
repeating array of ~800 identical eye units that is easily
scored for defects in cell death under a dissecting micro-
scope. However, any tissue in which the enhancement or
suppression of death, or the consequences of these (that
is, female sterility, failure to remove a GFP-labelled tis-
sue and organismal lethality) can be scored, is amenable
to this approach.

Variations on the dominant modifier screen: the gene
activation screen. Drosophila melanogaster encodes a sec-
ond IAP, DIAP2, which also acts as a strong suppressor
of rpr- and hid-dependent death50. However, deficiencies
that should eliminate DIAP2 were not identified as
enhancers in the original GMR-rpr/GMR-hid screen for
death suppressors described above. There are several
possible reasons for this. First, a 50% decrease in DIAP2
might be compensated for by high endogenous levels of
DIAP1. Alternatively, DIAP2 might simply not be
expressed at significant levels in the eye, thereby making
it (and any other genes not expressed in the eye) invisi-
ble in eye-based loss-of-function modifier screens.
Tissue-specific gene misexpression provides a tool that
bypasses some of these problems.

Gene misexpression screens use a P-element that
carries a promoter near one P-element end, pointing
outwards into the surrounding genomic region. When
activated, this promoter can drive the expression of
appropriately oriented genes in the surrounding
genomic region94,95. Interesting lines can be identified
based on modifier phenotypes in sensitized back-
grounds and dominant phenotypes in a wild-type
background. Both kinds of screens have led to the iden-
tification of important death regulators. One of these 
is Bruce, the D. melanogaster homologue of mammalian
Bruce, which encodes a large protein with both BIR and
E2 ubiquitin conjugation domains96. Bruce was identi-
fied in D. melanogaster as an overexpression suppressor
of rpr- and grim-, but not hid-dependent cell death.
Other examples include the E1 ubiquitinating activating
enzyme (UBA1), two components of an SCF-type E3
ubiquitin ligase (skpA and a novel F-box gene, morgue)
and the deubiquitinating enzyme FAF; these were iden-
tified as overexpression enhancers of death induced by
GMR-driven expression of a grim/rpr protein fusion97

(several of these genes were also identified in other loss-
of-function modifier screens93,98). The miRNA mir-14
was also identified as an overexpression suppressor of
rpr- and grim-dependent cell death23. Finally, the bantam
miRNA was identified on the basis of a large-eye pheno-
type associated with eye-specific expression in a wild-
type background24,99. Characterization of the basis for
this phenotype, as with hpo, sav and wts, revealed that it
was due not only to increased proliferation, but also to
decreased cell death, in this case owing to translational
inhibition of hid expression24.

What is the future of dominant modifier and/or
overexpression screens for cell-death regulators in 
D. melanogaster? So far, almost all screens for death reg-
ulators have used the eye as a screening system. These

readout of possible defects in cell death. The ovary pro-
vides an example of the potential of this approach. As
previously noted, failure of germline nurse cells to die
on schedule is often associated with a dumpless pheno-
type, which results in female sterility (the primary
screen phenotype). The dumpless phenotype can be
visualized directly in dissected adult ovaries (the sec-
ondary screen phenotype). Several female GERMLINE CLONE

SCREENS have been carried out89–91. In addition, a large
collection of lethal P-ELEMENT insertions on the third
chromosome has been tested for effects on oocyte dif-
ferentiation through the generation of germline
clones92. In this screen, oocyte development was dis-
rupted in about 10% of the lines. Of these, four showed
a dumpless phenotype. Although it remains to be
demonstrated that any of the genes that are presumably
disrupted by these P-element insertions normally act to
promote nurse-cell death, they are clearly candidates
worth testing.

Clone-based screens for cell-death inhibitors are less
straightforward than those for death activators because
there are more (uninteresting) ways of generating clones
in which no cells survive than there are of generating
clones in which there is excess survival. To identify those
essential genes that are specifically required to inhibit
apoptosis in a particular tissue it will be necessary to have
some sort of secondary assay. For example, one would
want to distinguish between mutations in genes required
for cell differentiation (failure of which often leads to
death through unknown mechanisms), essential cellular
functions or cell proliferation, and those that are
required to inhibit apoptosis. Rescue of mutant cell sur-
vival and function in the presence of a caspase inhibitor
such as p35 provides one such assay. However, rescue by
p35 will, by definition, only highlight mutations in death
inhibitors that act upstream of, and through, caspase-
dependent pathways. Other interesting pathways that do
not fulfill this criterion might well be present.

The dominant modifier screen: the workhorse of the 
cell-death field. A third approach to identifying death
regulators that has been successful is the dominant
modifier screen (FIG. 4c). The power of such a screen is
demonstrated by the first dominant modifier screen for
cell-death regulators in D. melanogaster — a deficiency
screen for enhancers of a small eye phenotype resulting
from cell death induced by expression of rpr or hid in
the fly eye (GMR-rpr and GMR-hid flies (GMR, glass
multimer reporter)). Multiple deficiencies that uncovered
the 72D region were identified as strong dominant
enhancers in this assay. Single-gene point mutants (alleles
induced using the mutagen ethyl methanesulphonate) of
th (thems), mutations located in the deficiency region, gave
rise to a similar enhancer phenotype, and failure of these
mutants to complement a lethal P-element insertion in
the region defined the exact location of the relevant gene,
which was subsequently cloned (REF. 50). Since this early
work, many dominant modifier screens for regulators of
cell death have been carried out. Most of these (but not
all, see REF. 93) began with a sensitized genetic back-
ground resulting from eye-specific overexpression of a

GERMLINE CLONE SCREEN

A genetic screen in which clones
of homozygous-mutant
germline tissue are produced in
adult females. Oocytes and eggs
derived from these clones
(which can be distinguished
from those derived from
heterozygous germline tissue in
several ways) can be examined
for phenotypes during oogenesis
and embryogenesis.

P-ELEMENT

A member of a family of
transposable elements that are
widely used as the basis of tools
for mutating and manipulating
the genome of Drosophila
melanogaster.
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screens to be carried out in a high-throughput manner.
The phenotype-based, forward genetic screens provide
ways of identifying regulators of cell death in intact ani-
mals, without a specific theory in mind, other than that
these deaths are under genetic control. Genome-scale
RNAi screens22,102 (FIG. 4d) now provide a way to carry
out similar experiments in cell culture.

Cell-culture-based RNAi screens. RNAi-based screens
(loss-of-function) that are carried out in a single cell
type (either in vivo or in vitro) are limited in ways
similar to those of the dominant modifier screens —
not all genes of potential interest will be expressed in
any one cell type. However, it is now also possible to
carry out genome-scale overexpression screens in cell
culture. These make use of CELL MICROARRAYS (reviewed
in REF. 103). The main limitation holding back the field
of cell-culture-based screens in D. melanogaster is the
fact that there is no technology for rapidly generating
cell lines from defined cell types with defined genetic
backgrounds. Therefore, cell-culture-based screens for
death regulators in D. melanogaster can be carried out in
only a limited number of cellular and genetic contexts
(reviewed in REF. 104). These points notwithstanding,
cell-culture-based screens have distinct advantages over
traditional animal-based screens, for many purposes.
First, every gene is tested in a finite number of samples
(assuming that all genes have been identified, some-
thing that, at this point, is probably not true). This is in
contrast to random mutagenesis, in which the number
of mutants screened must be many times more than
that of the total number of genes in the genome to
have some confidence that every gene has been hit
(usually this is incorrect, as there are still mutagen-
specific biases). Second, because each gene screened in
an RNAi library has already been sequenced, its identity
is immediately known.

One recent example, presented in BOX 1, describes a
broad-based, genome-scale screen that should identify
many genes required for cell survival — in the cell types
tested, under the specific test conditions. More focused
RNAi screens designed to identify components of spe-
cific caspase pathways can also be carried out. For exam-
ple, genes required to mediate or suppress cell death in
response to loss of DIAP1 could be identified as sup-
pressors or enhancers, respectively, of RNAi directed
against DIAP1. By a similar logic, genes that regulate
survival in response to environmental stimuli (unfolded
proteins, DNA damage and free radicals) could be iden-
tified as enhancers and suppressors of death induced by
treatment of cells with reagents that induce these
stresses. In addition, cells that have been engineered to
function as reporters for activation or inhibition of spe-
cific pathways can be used. For example, the apical cas-
pase DREDD, originally isolated as a potential inducer
of apoptosis that functions downstream of rpr105, is now
recognized for its essential role in activating the innate
immune response following infection by Gram-negative
bacteria. In this pathway, the bacterial-wall-derived
lipopolysaccharide binds to cell-surface receptors of the
PGRP (peptidoglycan recognition protein) family, which

screens will miss death regulators that only function in
specific contexts (that is, tissue-specific regulators of cell
death). In addition, almost all dominant modifier
screens for cell death that have been carried out until
now have used sensitized systems based on gene overex-
pression (for example, of rpr, hid, grim or of proteins
associated with human neurodegenerative disease).
Many human diseases that involve deregulation of cell
death are recessive; these include various forms of reti-
nal degeneration, muscular dystrophies, spinal muscu-
lar atrophy and Parkinson disease (see the OMIM
database for a complete list of human diseases with a
genetic component). Historically, these have been diffi-
cult to model, either because fly mutations are not avail-
able or because homozygous mutants are sick or die.
However, as discussed in the next section, it is now pos-
sible to create tissue-specific partial loss-of-function
phenotypes for essentially any gene, at any developmen-
tal stage, using transgene-driven, tissue-specific RNAi.
Therefore, disease-associated genotypes (and therefore
phenotypes) can now be modelled in specific tissues,
providing the substrates for future screens.

Reverse genetic approaches
General techniques for carrying out targeted gene inacti-
vation in flies have, until recently, remained elusive. This
has severely limited the usefulness of D. melanogaster for
the systematic alteration of specific genes and analysis of
the consequences. This obstacle has now been removed
by the development of two technologies, targeted gene
replacement and RNAi (reviewed in REFS 20,100,101). Of
the two techniques, RNAi is the one that has had the
most influence on genetic analysis in flies by allowing

CELL MICROARRAYS

Cells are plated directly onto a
slide containing thousands of
microarrayed spots of DNA.
Cells landing on these spots are
transfected with the arrayed
plasmids, and can then be scored
in various assays.

Box 1 | A cell-culture-based RNAi screen for cell survival proteins

Boutros and colleagues22 treated two different blood-cell lines, KC cells and S2 cells,
with 19,470 dsRNAs corresponding to ~91% of Drosophila melanogaster genes.
Cells were characterized 5 days later for total ATP levels, which provide a gross
measure of cell viability, metabolism and/or proliferation. Four hundred and thirty-
eight dsRNAs were identified that caused a significant decrease (greater than three
standard deviations) in ATP levels. RNA interference (RNAi) of 22 of these genes
resulted in a decrease in ATP levels in one or both cell lines comparable to that
associated with RNAi of DIAP1, which rapidly induces apoptosis in both cell types.
Interestingly, although some of these genes have known or probable functions based
on homology (for example, transcription factors, ubiquitin), a number of genes lack
clear homologues and contain no recognizable domains. Follow-up assays are
needed for most of these genes to determine which are required for cell survival, as
opposed to growth and/or proliferation. That said, it is worth pointing out that the
fact that some of these proteins appear to be D. melanogaster- or insect-specific does
not make them uninteresting in the context of identifying evolutionarily conserved
pathways that regulate death. True cellular homologues of rpr, hid and grim have
not been identified outside insects. However, it was the characterization of these
proteins — the identification that their N-termini were shown to be crucial for cell
death111, that this domain mediates binding to DIAP1 (REF. 111) and that this binding
disrupted the ability of DIAP1 to inhibit caspases39 — that led to our current
understanding of how inhibitor of apoptosis protein anti-caspase activity is
negatively regulated to promote apoptosis (reviewed in REFS 43,51). Therefore, it 
is quite possible that study of these seemingly unique proteins will provide general
mechanistic insights into ways in which cell survival is controlled.
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new molecules, and therefore hopefully to mechanistic
insights. However, the fact that a recent two-hybrid-based
protein interaction map in D. melanogaster failed to iden-
tify any of the known physical interactions between
DIAP1 and RPR, HID, GRIM, DRONC, DRICE and
DCP1 (REF. 110), highlights the limitations of this approach
and emphasizes the importance of genetic screens, which
are fundamentally function-based, as the key tool with
which to move this field forward.

With the tools available in D. melanogaster, it is possi-
ble to carry out screens for genes that affect the fate of
any cell population, in almost any genetic background.
However, only a small number of screens have been car-
ried out, in a limited number of tissues (often the eye) or
environmental contexts (healthy cells in culture), and
none of these screens has been carried to saturation. The
fact that key apoptotic caspases, the activation of which
would reliably lead to death in many cells, can also have
important non-apoptotic roles highlights the point that
cellular context is everything in terms of determining
function and mechanisms of regulation. There is no sin-
gle kind of screen that is the best. In every screen there
are tradeoffs between speed, coverage, specificity in the
phenotype being initially scored and ease of gene cloning
that will influence an investigator’s decision (see the dis-
cussion in REF. 19). In addition, no one screen has the
ability to provide a complete picture of the process
under study. F

2
screens for embryonic death regulators

might fail to identify genes that have many functions or
have a strong maternal component. Modifier screens
can be insensitive to two-fold changes in the levels of
components that are not rate limiting (but are essential
for the process under study). In addition, clone-based
screens can fail to identify genes if their activity is also
required to generate clones (such as proliferation) or to
generate the cells to be studied (differentiation).

In summary, much remains to be learned about how
cell death is controlled in the fly, and this will require
many screens. These screens have been successful in the
past, and with the new tools that have become available
recently, there is every reason to believe that they will
continue to be so.

in turn leads, through several intermediate steps, to
Dredd-dependent cleavage of the transcription factor
Relish. This cleavage promotes the movement of Relish
to the nucleus and the transcriptional activation of
genes, such as Diptericin (Dipt), that encode antimicro-
bial peptides (reviewed in REF. 106). Foley and O’Farrell
generated cell lines that expressed β-galactosidase under
the control of the Dipt promoter102. These Dipt-lacZ
cells were then screened for enhancement or suppres-
sion of Dipt-lacZ induction by lipopolysaccharide, or
constitutive expression in the absence of lipopolysac-
charide. One of the genes identified in the latter cate-
gory, Dnr1, encodes a potential inhibitor of DREDD,
thereby highlighting the ability of a reporter-based
screen to identify regulators of caspase function.

Summing up and looking forward
We have provided an overview of the state of the cell-
death field in D. melanogaster to highlight some of the
unanswered questions, as well as the genetic screening
tools available to further this work. Central elements of
one important pathway, defined by the core compo-
nents rpr, hid, grim, th, Nc and ark, have been identi-
fied and it is clear that this pathway participates in
many cell-death events in the fly. Nonetheless, many
questions remain about how this pathway is activated
and how its components regulate each other’s activity.
In addition, the concerted efforts of many researchers
studying normal development — embryogenesis,
metamorphosis and oocyte maturation in particular —
and neurodegenerative conditions induced through
mutation or other experimental manipulations, have
identified cell deaths that use other pathways. Many
cell-death pathways are also used in mammalian cells
(reviewed in REFS 107,108). This, together with the gen-
eral high level of gene conservation between flies and
humans (60%–70% of human disease genes have fly
counterparts109), shows that the continued study of cell
death in flies is likely to benefit our understanding of
human disease. The creation of whole-genome, pro-
tein-interaction networks currently provides a popular
method by which to move from known components to

1. Kerr, J. F. R., Wyllie, A. H. & Curie, A. R. Apoptosis: a
basic biological phenomenon with wide-ranging
implications in tissue kinetics. Br. J. Cancer 26, 239–257
(1972).

2. Raff, M. C. Social controls on cell survival and cell death.
Nature 356, 397–400 (1992).

3. Vaux, D. L. & Korsmeyer, S. J. Cell death in development.
Cell 96, 245–254 (1999).

4. Baehrecke, E. H. How death shapes life during
development. Nature Rev. Mol. Cell Biol. 3, 779–787 (2002).

5. Green, D. R. & Evan, G. I. A matter of life and death. Cancer
Cell 1, 19–30 (2002).

6. Benedict, C. A., Norris, P. S. & Ware, C. F. To kill or be killed:
viral evasion of apoptosis. Nature Immunol. 3, 1013–1018
(2002).

7. James, E. R. & Green, D. R. Manipulation of apoptosis in the
host-parasite interaction. Trends Parasitol. 20, 280–287
(2004).

8. Opferman, J. T. & Korsmeyer, S. J. Apoptosis in the
development and maintenance of the immune system.
Nature Immunol. 4, 410–415 (2003).

9. Hochachka, P. W. & Lutz, P. L. Mechanism, origin and
evolution of anoxia tolerance in animals. Comp. Biochem.
Physiol. B 130, 435–459 (2001).

10. Vaux, D. L. & Flavell, R. A. Apoptosis genes and
autoimmunity. Curr. Opin. Immunol. 12, 719–724 (2000).

11. Badley, A. D., Roumier, T., Lum, J. J. & Kroemer, G.
Mitochondrion-mediated apoptosis in HIV-1 infection.
Trends Pharmacol. Sci. 24, 298–305 (2003).

12. Muqit, M. M. & Feany, M. B. Modelling neurodegenerative
diseases in Drosophila: a fruitful approach? Nature Rev.
Neurosci. 3, 237–243 (2002).

13. Bonini, N. M. & Fortini, M. E. Human neurodegenerative
disease modeling using Drosophila. Annu. Rev. Neurosci.
26, 627–656 (2003).

14. Richardson, H. & Kumar, S. Death to flies: Drosophila as a
model system to study programmed cell death. J. Immunol.
Methods 265, 21–38 (2002).

15. Bernards, A. & Hariharan, I. K. Of flies and men — studying
human disease in Drosophila. Curr. Opin. Genet. Dev. 11,
274–278 (2001).

16. Vernooy, S. Y. et al. Cell death regulation in Drosophila:
conservation of mechanism and unique insights. J. Cell Biol.
150, F69–76 (2000).

17. Aravind, L., Dixit, V. M. & Koonin, E. V. Apoptotic molecular
machinery: vastly increased complexity in vertebrates
revealed by genome comparisons. Science 291,
1279–1284 (2001).

18. Robinson, A. S., Franz, G. & Atkinson, P. W. Insect
transgenesis and its potential role in agriculture and
human health. Insect Biochem. Mol. Biol. 34, 113–120
(2004).

19. St Johnston, D. The art and design of genetic screens:
Drosophila melanogaster. Nature Rev. Genet. 3, 176–188
(2002).

20. Adams, M. D. & Sekelsky, J. J. From sequence to
phenotype: reverse genetics in Drosophila melanogaster.
Nature Rev. Genet. 3, 189–198 (2002).

21. McGuire, S. E., Roman, G. & Davis, R. L. Gene
expression systems in Drosophila: a synthesis of time and
space. Trends Genet. 20, 384–391 (2004).

22. Boutros, M. et al. Genome-wide RNAi analysis of growth
and viability in Drosophila cells. Science 303, 832–835
(2004).
Describes the results of a genome-scale, cell-
culture-based RNAi screen for genes required for
cell survival, growth or metabolism.

23. Xu, P., Vernooy, S. Y., Guo, M. & Hay, B. A. The
Drosophila microRNA mir-14 suppresses cell death and is
required for normal fat metabolism. Curr. Biol. 13,
790–795 (2003).

©  2004 Nature  Publishing Group



NATURE REVIEWS | GENETICS VOLUME 5 | DECEMBER 2004 | 921

R E V I E W S

24. Brennecke, J., Hipfner, D. R., Stark, A., Russell, R. B. &
Cohen, S. M. bantam encodes a developmentally regulated
microRNA that controls cell proliferation and regulates the
proapoptotic gene hid in Drosophila. Cell 113, 25–36
(2003).
References 23 and 24 report the identification of
miRNA cell-death inhibitors from dominant modifier
and overexpression screens, respectively.

25. Wu, S., Huang, J., Dong, J. & Pan, D. hippo encodes a Ste-20
family protein kinase that restricts cell proliferation and
promotes apoptosis in conjunction with salvador and warts.
Cell 114, 445–456 (2003).

26. Pantalacci, S., Tapon, N. & Leopold, P. The Salvador partner
Hippo promotes apoptosis and cell-cycle exit in Drosophila.
Nature Cell Biol. 5, 921–927 (2003).

27. Harvey, K. F., Pfleger, C. M. & Hariharan, I. K. The Drosophila
Mst ortholog, hippo, restricts growth and cell proliferation
and promotes apoptosis. Cell 114, 457–467 (2003).

28. Jia, J., Zhang, W., Wang, B., Trinko, R. & Jiang, J. The
Drosophila Ste20 family kinase dMST functions as a tumor
suppressor by restricting cell proliferation and promoting
apoptosis. Genes Dev. 17, 2514–2519 (2003).

29. Udan, R. S., Kango-Singh, M., Nolo, R., Tao, C. & Halder, G.
Hippo, the Drosophila homologue of the MST1/2 kinases,
promotes cell proliferation arrest and apoptosis in the
Salvador/Warts pathway. Nature Cell Biol. 5, 914–920
(2003).
References 25–29 report the identification of HIP, an
Mst family kinase, using clone-based screens for
negative regulators of cell growth. HIP restricts cell
growth and promotes apoptosis.

30. Hipfner, D. R. & Cohen, S. M. The Drosophila Sterile-20
kinase Slik controls cell proliferation and apoptosis during
imaginal disc development. PLOS Biol. 1, E35 (2003).

31. Arama, E., Agapite, J. & Steller, H. Caspase activity and a
specific cytochrome c are required for sperm differentiation
in Drosophila. Dev. Cell 4, 687–697 (2003).

32. Huh, J. R. et al. Multiple apoptotic caspase caspase
cascades are required in nonapoptotic roles for Drosophila
spermatid individualization. PLOS Biol. 2, 43–53 (2004).

33. Huh, J. R., Guo, M. & Hay, B. A. Compensatory proliferation
induced by cell death in the Drosophila wing disc requires
activity of the apical caspase Dronc in a nonapoptotic role.
Curr. Biol. 14, 1262–1266 (2004).

34. Geisbrecht, E. R. & Montell, D. J. A role for Drosophila IAP1-
mediated caspase inhibition in Rac-dependent cell
migration. Cell 118, 111–125 (2004).
References 31–34 describe non-apoptotic roles for
cell-death activators in D. melanogaster.

35. Degterev, A., Boyce, M. & Yuan, J. A decade of caspases.
Oncogene 22, 8543–8567 (2003).

36. Adams, J. M. Ways of dying: mutiple pathways to
apoptosis. Genes Dev. 17, 2481–2495 (2003).

37. Jiang, X. & Wang, X. Cytochrome c-mediated apoptosis.
Annu. Rev. Biochem. 73, 87–106 (2004).

38. Weil, M. et al. Constitutive expression of the machinery for
programmed cell death. J. Cell Biol. 133, 1053–1059
(1996).

39. Wang, S. L., Hawkins, C. J., Yoo, S. J., Muller, H. A. & 
Hay, B. A. The Drosophila caspase inhibitor DIAP1 is
essential for cell survival and is negatively regulated by HID.
Cell 98, 453–463 (1999).

40. Metzstein, M. M., Stanfield, G. M. & Horvitz, H. R. Genetics
of programmed cell death in C. elegans: past, present and
future. Trends Genet. 14, 410–416 (1998).

41. Yan, N. et al. Structural, biochemical, and functional analysis
of CED-9 recognition by the proapoptotic proteins EGL-1
and CED-4. Mol. Cell 15, 999–1006 (2004).

42. Fischer, U., Janicke, R. U. & Schulze-Osthoff, K. Many cuts
to ruin: a comprehensive update of caspase substrates. Cell
Death Differ. 10, 76–100 (2003).

43. Shi, Y. Mechanisms of caspase activation and inhibition
during apoptosis. Mol. Cell 9, 459–470 (2002).

44. Salvesen, G. S. & Duckett, C. S. IAP proteins: blocking the
road to death’s door. Nature Rev. Mol. Cell Biol. 3, 401–410
(2002).

45. Igaki, T., Yamamoto-Goto, Y., Tokushige, N., Kanda, H. &
Miura, M. Down-regulation of DIAP1 triggers a novel
Drosophila cell death pathway mediated by Dark and
DRONC. J. Biol. Chem. 277, 23103–23106 (2002).

46. Muro, I., Hay, B. A. & Clem, R. J. The Drosophila DIAP1
protein is required to prevent accumulation of a continuously
generated, processed form of the apical caspase DRONC.
J. Biol. Chem. 277, 49644–49650 (2002).

47. Rodriguez, A., Chen, P., Oliver, H. & Abrams, J. M.
Unrestrained caspase-dependent cell death caused by loss
of Diap1 function requires the Drosophila Apaf-1 homolog,
Dark. EMBO J. 21, 2189–2197 (2002).

48. Zimmermann, K. C., Ricci, J. E., Droin, N. M. & Green, D. R.
The role of ARK in stress-induced apoptosis in Drosophila
cells. J. Cell Biol. 156, 1077–1087 (2002).

49. Muro, I., Monser, K. & Clem, R. J. Mechanism of Dronc
activation in Drosophila cells. J. Cell Sci. 117, 5035–5041
(2004).

50. Hay, B. A., Wassarman, D. A. & Rubin, G. M. Drosophila
homologs of baculovirus inhibitor of apoptosis proteins
function to block cell death. Cell 83, 1253–1262 (1995).
This classic paper describes the first dominant
modifier screen for cell-death inhibitors, which
identified DIAP1 in flies.

51. Hay, B. A. Understanding IAP function and regulation: a view
from Drosophila. Cell Death Differ. 7, 1045–1056 (2000).

52. Bergmann, A., Yang, A. Y. & Srivastava, M. Regulators of
IAP function: coming to grip with the grim reaper. Curr. Opin.
Cell Biol. 15, 717–724 (2003).

53. Kuranaga, E. et al. Reaper-mediated inhibition of DIAP1-
induced DTRAF1 degradation results in activation of JNK in
Drosophila. Nature Cell Biol. 4, 705–710 (2002).

54. Kanda, H. & Miura, M. Regulatory roles of JNK in
programmed cell death. J. Biochem. (Tokyo) 136, 1–6
(2004).

55. Yoo, S. J. et al. Apoptosis inducers Hid, Rpr and Grim
negatively regulate levels of the caspase inhibitor DIAP1
by distinct mechanisms. Nature Cell Biol. 4, 416–424
(2002).

56. Holley, C. L., Olson, M. R., Colon-Ramos, D. A. & Kornbluth, S.
Reaper eliminates IAP proteins through stimulated IAP
degradation and generalized translational inhibition. Nature
Cell Biol. 4, 439–444 (2002).

57. Claveria, C., Caminero, E., Martinez, A. C., Campuzano, S. &
Torres, M. GH3, a novel proapoptotic domain in Drosophila
Grim, promotes a mitochondrial death pathway. EMBO J.
21, 3327–3336 (2002).

58. Chen, P., Ho, S.-I., Shi, Z. & Abrams, J. M. Bifunctional
killing activity encoded by conserved reaper proteins. Cell
Death Differ. 11, 704–713 (2004).

59. Huh, J. R. & Hay, B. A. Sculpture of a fly’s head. Nature 418,
926–928 (2002).

60. Kumar, S. & Cakouros, D. Transcriptional control of the core
cell-death machinery. Trends Biochem. 29, 193–199
(2004).

61. Lohmann, I., McGinnis, N., Bodmer, M. & McGinnis, W. The
Drosophila Hox gene deformed sculpts head morphology
via direct regulation of the apoptosis activator reaper. Cell
110, 457–466 (2002).
This paper reports the identification of RPR as a
target of the transcription factor DFD in a screen for
mutations that display aspects of the Deformed
embryonic phenotype.

62. Brodsky, M. H. et al. Drosophila p53 binds a damage
response element at the reaper locus. Cell 101, 103–113
(2000).

63. Cakouros, D., Daish, T. J. & Kumar, S. Ecdysone receptor
directly binds the promoter of the Drosophila caspase
dronc, regulating its expression in specific tissues. J. Cell
Biol. 165, 631–640 (2004).

64. Franc, N. C. Phagocytosis of apoptotic cells in mammals,
Caenorhabditis elegans and Drosophila melanogaster:
molecular mechanisms and physiological consequences.
Front Biosci. 7, d1298–1313 (2002).

65. Mergliano, J. & Minden, J. S. Caspase-independent cell
engulfment mirrors cell death pattern in Drosophila
embryos. Development 130, 5779–5789 (2003).
This paper identifies a RPR-, HID-, GRIM- and p35-
independent step in cell death during fly
embryogenesis.

66. Igaki, T. & Miura, M. Role of bcl-2 family members in
invertebrates. Biochim. Biophys. Acta 1644, 73–81 (2004).

67. McCall, K. Eggs over easy: cell death in the Drosophila
ovary. Dev. Biol. 274, 3–14 (2004).

68. Baehrecke, E. H. Autophagic programmed cell death in
Drosophila. Cell Death Differ. 10, 940–945 (2003).

69. Driscoll, M. & Gerstbrein, B. Dying for a cause: invertebrate
genetics takes on human neurodegeneration. Nature Rev.
Genet. 4, 181–194 (2003).

70. Jackson, G. R. et al. Polyglutamine-expanded human
huntingtin transgenes induce degeneration of Drosophila
photoreceptor neurons. Neuron 21, 633–642 (1998).

71. Hsu, C. D. et al. Limited role of developmental programmed
cell death pathways in Drosophila norpA retinal
degeneration. J. Neurosci. 24, 500–507 (2004).

72. McLaughlin, B. The kinder side of killer proteases: caspase
activation contributes to neuroprotection and CNS
remodeling. Apoptosis 9, 111–121 (2004).

73. Schwerk, C. & Schulze-Osthoff, K. Non-apoptotic functions
of caspases in cellular proliferation and differentiation.
Biochem. Pharmacol. 66, 1453–1458 (2003).

74. Wolff, T. & Ready, D. F. Cell death in normal and rough eye
mutants of Drosophila. Development 113, 825–839 (1991).
Reports the first cell death mutants to be identified in
D. melanogaster.

75. White, K. et al. Genetic control of programmed cell death in
Drosophila. Science 264, 677–683 (1994).
This classic paper described the deficiency screen
that led to the identification of rpr, and ultimately hid
and grim.

76. Grether, M. E., Abrams, J. M., Agapite, J., White, K. &
Steller, H. The head involution defective gene of Drosophila
melanogaster functions in programmed cell death. Genes
Dev. 9, 1694–1708 (1995).

77. Chen, P., Nordstrom, W., Gish, B. & Abrams, J. M. grim, a
novel cell death gene in Drosophila. Genes Dev. 10,
1773–1782 (1996).

78. Peterson, C., Carney, G. E., Taylor, B. J. & White, K.
reaper is required for neuroblast apoptosis during
Drosophila development. Development 128, 1467–1476
(2002).

79. Hiesinger, P. R. & Bellen, H. J. Flying in the face of total
disruption. Nature Genet. 36, 211–212 (2004).

80. Jassim, O. W., Fink, J. L. & Cagan, R. L. Dmp53
protects the Drosophila retina during a developmentally
regulated DNA damage response. EMBO J. 22,
5622–5632 (2003).

81. Foe, V. E. & Alberts, B. M. Reversible chromosome
condensation induced in Drosophila embryos by anoxia:
visualization of interphase nuclear organization. J. Cell Biol.
100, 1623–1636 (1985).

82. Teodoro, R. O. & O’Farrell, P. H. Nitric oxide-induced
suspended animation promotes survival during hypoxia.
EMBO J. 22, 580–587 (2003).

83. Tapon, N. et al. salvador promotes both cell cycle exit and
apoptosis in Drosophila and is mutated in human cancer cell
lines. Cell 110, 467–478 (2002).

84. Kango-Singh, M. et al. Shar-pei mediates cell proliferation
arrest during imaginal disc growth in Drosophila.
Development 129, 5719–5730 (2002).

85. Justice, R. W., Zilian, O., Woods, D. F., Noll, M. & Bryant, P. J.
The Drosophila tumor-suppressor gene warts encodes a
homolog of human myotonic-dystrophy kinase and is
required for the control of cell-shape and proliferation.
Genes Dev. 9, 534–546 (1995).

86. Xu, T. A., Wang, W. Y., Zhang, S., Stewart, R. A. & Yu, W.
Identifying tumor suppressors in genetic mosaics: the
Drosophila lats gene encodes a putative protein kinase.
Development 121, 1053–1063 (1995).

87. Hay, B. A. & Guo, M. Coupling cell growth, proliferation,
and death: hippo weighs in. Dev. Cell 5, 361–363 
(2003).

88. Kimura, K.-I., Kodama, A., Hayasaka, Y. & Ohta, T.
Activation of the cAMP/PKA signaling pathway is required
for post-ecdysial cell death in wing epidermal cells of
Drosophila. Development 131, 1597–1606 (2004).
This paper uses differential GFP labelling of live
versus dead cells to visualize the kinetics and
genetic requirements for cell death in the adult fly
wing.

89. Perrimon, N., Engstrom, L. & Mahowald, A. P. Zygotic
lethals with specific maternal effect phenotypes in
Drosophila melanogaster. I. Loci on the X chromosome.
Genetics 121, 333–352 (1989).

90. Martin, S. G., Leclerc, V., Smith-Litiere, K. & St. Johnston, D.
The identification of novel genes required for Drosophila
anteroposterior axis formation in a germline clone screen
using GFP-Staufen. Development 130, 4201–4215
(2003).

91. Luschnig, S. et al. An F1 genetic screen for maternal-
effect mutations affecting embryonic pattern formation in
Drosophila melanogaster. Genetics 167, 325–342
(2004).

92. Bellotto, M. et al. Maternal-effect loci involved in Drosophila
oogenesis and embryogenesis: P element-induced
mutations on the third chromosome. Int. J. Dev. Biol. 46,
149–157 (2002).

93. Hays, R., Wickline, L. & Cagan, R. Morgue mediates
apoptosis in the Drosophila melanogaster retina by
promoting degradation of DIAP1. Nature Cell Biol. 4,
425–431 (2002).

94. Hay, B. A., Maile, R. & Rubin, G. M. P element insertion-
dependent gene activation in the Drosophila eye. Proc. Natl
Acad. Sci. USA 94, 5195–5200 (1997).

95. Rorth, P. A modular misexpression screen in Drosophila
detecting tissue-specific phenotypes. Proc. Natl Acad. Sci.
USA 93, 12418–12422 (1996).

96. Vernooy, S. Y. et al. Drosophila Bruce can potently suppress
Rpr- and Grim-dependent but not Hid-dependent cell
death. Curr. Biol. 12, 1164–1168 (2002).

97. Wing, J. P. et al. Drosophila Morgue is an F box/ubiquitin
conjugase domain protein important for grim-reaper
mediated apoptosis. Nature Cell Biol. 4, 451–456
(2002).

©  2004 Nature  Publishing Group



922 | DECEMBER 2004 | VOLUME 5 www.nature.com/reviews/genetics

R E V I E W S

98. Ryoo, H. D., Bergmann, A., Gonen, H., Ciechanover, A. &
Steller, H. Regulation of Drosophila IAP1 degradation and
apoptosis by reaper and ubcD1. Nature Cell Biology 4,
432–438 (2002).

99. Hipfner, D. R., Weigmann, K. & Cohen, S. M. The bantam
gene regulates Drosophila growth. Genetics 161,
1527–1537 (2002).

100. Rong, Y. S. Gene targeting by homologous
recombination: a powerful addition to the genetic arsenal
for Drosophila geneticists. Biochem. Biophys. Res.
Comm. 297, 1–5 (2002).

101. Meister, G. & Tuschl, T. Mechanisms of gene silencing 
by double-stranded RNA. Nature 431, 343–349 (2004).

102. Foley, E. & O’Farrell, P. H. Functional dissection of an
innate immune response by a genome-wide RNAi
screen. PLOS Biol. 2, e203 (2004).
A cell-culture-based reporter system was used to
identify regulators of the innate immune response,
which requires the caspase DREDD. A potential
negative regulator of DREDD activity, DNR1, was
identified.

103. Wu, R. Z., Bailey, S. N. & Sabatini, D. M. Cell-biological
applications of transfected-cell microarrays. Trends Cell
Biol. 12, 485–488 (2002).

104. Eschalier, G. Drosophila Cells in Culture (Academic
Press, New York, 1997).

105. Chen, P., Rodriguez, A., Erskine, R., Thach, T. & Abrams,
J. M. Dredd, a novel effector of the apoptosis activators
Reaper, Grim, and Hid in Drosophila. Dev. Biol. 201,
202–216 (1998).

106. Hultmark, D. Drosophila immunity: paths and patterns. 
Curr. Opin.Immunol. 15, 12–19 (2003).

107. Lockshin, R. A. & Zakeri, Z. Caspase-independent cell
death? Oncogene 23, 2766–2773 (2004).

108. Jaattela, M. Multiple cell death pathways as regulators of
tumour initiation and progression. Oncogene 23,
2746–2756 (2004).

109. Reiter, L. T., Potocki, L., Chien, S., Gribskov, M. & Bier, E.
A systematic analysis of human disease-associated gene
sequences in Drosophila melanogaster. Genome Res.
11, 1114–1125 (2001).

110. Giot, L. et al. A protein interaction map of Drosophila
melanogaster. Science 302, 1727–1736 (2003).
This paper is remarkable for its failure to identify
any of the known physical interactions between
components of the core apoptotic machinery,
thereby highlighting the limitations of this approach.

111. Vucic, D., Kaiser, W. J. & Miller, L. K. Inhibitor of
apoptosis proteins physically interact with and block
apoptosis induced by Drosophila proteins HID and GRIM.
Mol. Cell Biol. 18, 3300–3309 (1998).

Acknowledgements
Work in the authors’ laboratories is supprted by NIH (National
Institutes of Health) grants. We apologize to authors whose work
could not be cited directly owing to space limitations.

Competing interests statement
The authors declare no competing financial interests.

Online links

DATABASES
The following terms in this article are linked online to:
Entrez: http://www.ncbi.nih.gov/Entrez/
rpr | hid | grim | skl | hippo | salvador | warts
OMIM: http://www.ncbi.nlm.nih.gov/Omim/
Parkinson disease
Swiss-Prot: http://ca.expasy.org/sprot/
CED-3 | CED-4 | CED-9 | DRONC | DIAP1

FURTHER INFORMATION
Guo’s laboratory: http://guolab.neurology.ucla.edu/
Hay’s laboratory: http://www.its.caltech.edu/~haylab/
Access to this interactive links box is free online.

©  2004 Nature  Publishing Group




