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Abstract

Mitochondria have been shown to play an important role in cell death in mammalian cells. However,
the importance of mitochondria in Drosophila apoptosis is still under investigation. Many proteins
involved in the regulation of apoptosis in mammals act at mitochondria or are released from
mitochondria, resulting in caspase activation. In addition, these organelles undergo significant
ultrastructural changes during apoptosis. This review highlights similarities and differences in the
roles of mitochondria and mitochondrial factors in apoptosis between Drosophila and mammals. In
Drosophila, many key regulators of apoptosis also appear to localize to this organelle, which also
undergoes ultrastructural changes during apoptosis. Although many of the proteins important for the
control of apoptosis in mammalian cells are conserved in Drosophila, the role that mitochondria play
in apoptosis in this model system remains an area of controversy and active research.

Many proteins important for apoptosis are highly conserved in organisms from C. elegans and
Drosophila to mammals [1]. The core elements of the apoptotic machinery, including caspases,
the adaptor proteins Apaf-1/Dark/Ced4, and the Bcl-2 family of proteins are present in all of
these organisms. However, the mechanisms of caspase activation seem to show surprising
distinctions. The role of the mitochondria in cell death is arguably the feature that is the most
divergent between flies and mammals. In this review we will highlight both commonalities
and unique aspects of mitochondrial participation in cell death, as well as new insights gained
into the role of mitochondria in a variety of cell death paradigms.

Activation of caspases is important for most developmental cell death in the fly [2]. The
Drosophila genome encodes seven caspases, including three long pro-domain containing
“initiator” caspases and four effector caspases. The initiator caspase Dronc is required for most
developmental apoptosis [3]. Dronc associates with the Apaf-1-like protein Dark, and becomes
activated, in turn activating the effector caspases [4-6]. Drice and Dcp-1 are the major effector
caspases in developmental apoptosis [7]. Current models suggest that Dronc activation is
constitutive in most cells [2]. Caspase activity is held in check in living cells by DIAP1, a
member of the Inhibitor of Apoptosis Protein family, which can inhibit caspase activity through
direct binding and by ubiquitylation [8]. Developmental cell death in the fly is activated by the
proteins Reaper (Rpr), Hid, Grim, and Sickle (Skl), which bind to DIAP1 and inhibit DIAP1’s
caspase inhibitory function [1]. We discuss additional functions of these proteins below.

In contrast to the constitutive activation of caspases in the fly, caspase activation in mammalian
cellsisamajor control point in cell death [9]. Caspase activation pathways can be simplistically
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divided into extrinsic and intrinsic mechanisms. Ligation of cell surface receptors activates the
extrinsic pathway, while activation of the intrinsic pathway requires factors released from the
mitochondria. The initiation of the intrinsic pathway involves Bax and Bak, proapoptotic
members of the Bcl-2 family of apoptotic regulators. In the doomed cell, these proteins become
localized to mitochondria, resulting in mitochondrial permeabilization. Cytochrome C,
normally found in the intermembrane space of the mitochondria, is released to the cytosol
where it can bind to the Apaf-1 adaptor protein. Apaf-1 binds Cytochrome C, dATP and
Caspase-9, to form a large mulitmeric complex called the apoptosome [10]. Caspase-9 is
activated in the apoptosome, and then activates effector Caspases 3, 6, and 7 to result in the
apoptotic death of the cell.

At first glance, the differences between the Drosophila and mammalian cell death pathways
are striking, especially with regard to the role of mitochondria. However, on closer examination
there are considerable similarities in terms of the morphological changes in mitochondria, the
role of the mitochondrial fission and fusion machinery in these changes, and in the proteins
released from mitochondria during cell death. What remains to be further explored is how
important these mitochondrial changes are to developmental apoptosis in the fly.

changes in mitochondria during cell death

Mitochondria undergo characteristic changes during cell death. These include swelling and
fragmentation of the mitochondrial network [11]. Swelling is likely a response to the
permeabilization of the outer mitochondrial membrane, and can be observed in fly cells as well
as in mammalian cells [12-14]. Mitochondrial membrane permeabilization occurs in a caspase
independent fashion in mammals [15], although there is some controversy in this regard [16].
In contrast, ultrastructural changes, such as swelling, are caspase dependent in fly cells [12,
17]. It is interesting to note that alterations in mitochondrial structure are associated with
spermatid individualization, a caspase dependent process that requires Cytochrome C (see
below) [18]. Alterations in mitochondrial cristae were also reported in apoptotic flight muscles
in aging or mutant Drosophila [19].

Mitochondria are highly dynamic organelles, undergoing continuous fission and fusion in
living cells. This process is essential for normal mitochondrial function [20]. Several Dynamin-
like GTPases are involved in mitochondrial dynamics, including Drp-1, which is important for
mitochondrial fission, Opa-1, and the mitofusins, Marf and Fuzzy Onions in flies [21,22] and
MFN-1 and MFN-2 in mammals [11], which are involved in mitochondrial fusion (Fig 1).
Increased mitochondrial fragmentation is seen during apoptosis in mammals, worms and flies
[13,23-25]. This fragmentation has been shown to involve Drp-1. Expression of a dominant
negative Drp-1 or knock down of Drp-1 with RNAI or mutation results in decrease
mitochondrial fragmentation after apoptosis induction in all three models [13,23,24,26].

The easily visualized alterations in mitochondrial morphology and dynamics in dying cells
suggest that these processes could be involved in cell death. Alternatively, these changes could
be secondary to other changes in the dying cell, and not play a critical role. One argument that
mitochondrial fragmentation is not secondary to other changes in the dying cell is that it occurs
prior to caspase activation in fly cells [13]. In addition, inhibition of caspase activity does not
block mitochondrial fragmentation in worms, flies or mammalian cells [13,23,24].

The best evidence that mitochondrial dynamics play a role in cell death is the finding that
inhibition of Drp-1, either by expression of a dominant negative Drp-1, RNAi knock down, or
by mutation, results in an inhibition of cell death in flies as well as worms and mammalian
cells [12,13,23,24,27]. However, these experiments do not rule out a second function for Drp-1
in apoptosis, independent of its effects on mitochondrial fission. Recent data suggest that
inhibition of mitochondrial fission might have no effect or only delay cell death in mammalian
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cells [28,29]. Modulation of mitochondrial dynamics by genetic manipulation of Drp-1 and
other genes involved in mitochondrial fusion and fission in the worm suggests that Drp-1 and
Fis-2 can inhibit cell death downstream of activated caspase [26]. In the fly, inhibition of Drp-1
clearly inhibits caspase activation [12,13]. Although not necessarily contradictory, these data
demonstrate the need for further investigation into how mitochondrial fission contributes to
cell death.

There are several models for how mitochondrial fission might facilitate cell death. The fission
machinery may contribute to the release of proapoptotic molecules, such as Cytochrome C,
from mitochondria, as discussed below [11]. Alternatively, mitochondrial fission might
contribute to mitochondrial membrane permeabilization leading to disruption of mitochondrial
function. A third possibility is that sites of mitochondrial fission might serve as scaffolding for
the localization of other proteins important in apoptosis induction, as is seen with the Bcl-2
family member Bax in mammalian systems [30].

Do Drosophila Bcl-2 proteins, Buffy and Debcl act at the mitochondria to
regulate cell death?

In mammalian systems, the Bcl-2 family of proteins has been shown to play a role in
mitochondrial dynamics as well as regulation of apoptosis. Members of the Bcl-2 family of
apoptosis regulators co-localize with mitochondria, and Bax and Bak promote mitochondrial
fission [31]. Bax rapidly translocates to mitochondria on apoptosis induction, where it co-
localizes with Drp-1 [30]. However, recent work suggests that the role for Bax and Bak in
mitochondrial dynamics may be independent of their role in induction of apoptosis [29].

Two members of the Bcl-2 family of apoptotic regulators have been identified in
Drosophila, Buffy and Debcl. Both of these proteins have been shown to contain domains that
can anchor them to membranes [32]. Interestingly, Debcl has been shown to localize to
mitochondria, while Buffy localizes to endoplasmic reticulum [32]. Studies based on
overexpression and knockdown by RNAI suggest that Debcl has a proapoptotic function [25,
33-36], while Buffy is antiapoptotic [37,38], although one study has found that Debcl is
protective against poly-glutamine induced death in the nervous system, which is antagonized
by Buffy expression [39].

Recent genetic studies have clarified the roles of the fly Bcl2 genes in apoptosis [25,40]. Mutant
analysis confirms a proapoptotic function for Debcl in developmental apoptosis [25]. After
irradiation, one study has shown that Debcl mutants show reduced cell death in the embryo
[40], while others have shown no effect on post-irradiation cell death in the wing, although
morphological defects were increased [25]. Interestingly debcl buffy double mutants show
increased cell death after irradiation, suggesting that Debcl is required to inhibit the
antiapoptotic function of Buffy [40]. Apoptosis induced by expression of mammalian Bax is
inhibited by deletion of Debcl, suggesting that the fly proteins share functions with the
mammalian proteins [25]. However, debcl mutants do not show any defects in mitochondrial
organization in living cells or in mitochondrial fragmentation in dying cells. In contrast, Buffy
expression was shown to protect cells from mitochondrial changes and apoptosis caused by
loss of function of Drosophila PTEN-induced kinase (Pink1), as discussed below [38].
Although further studies may demonstrate a role for the Drosophila Bcl-2 proteins in regulating
mitochondrial changes in apoptosis, it is also possible that other proteins such as Rpr, Grim,
and Hid have taken over this function in flies (see below).
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Are molecules released from the mitochondria important for apoptosis?

Avariety of molecules are released from mitochondria during apoptosis in mammalian systems
[41]. Cytochrome C, Apoptosis Inducing Factor (AIF), ARTS, SMAC/Diablo and Omi/
HTRAZ are among the released mitochondrial proteins implicated in cell death [9]. Below we
examine the evidence for a role for mitochondrial factors in Drosophila cell death in general,
and these factors specifically.

Several observations support a role for mitochondrial components in Drosophila cell death.
Early studies indicated that caspases in Drosophila S2 cell extracts could be activated by
mitochondria from apoptotic S2 cells, suggesting that mitochondrial factors contribute to
caspase activation [42]. However, others have found that mitochondrial lysates from untreated
cells, or from apoptotic cells, are not able to induce or accelerate apoptosis in S2 extracts
[43]. Inthe first study, apoptosis was induced by expression of Rpr or Grim, while in the second
it was induced by UV. More recent data suggests that these two treatments can have different
effects on mitochondria in Drosophila cells, which could explain these contradictory results
[12].

The proapoptotic proteins Rpr, Grim, and Hid have been shown to localize to mitochondria
[12,44,45]. Mitochondrial localization of these proteins is important for permeabilization of
the mitochondrial membrane, and for efficient activation of apoptosis. This again suggests a
role for mitochondria in Drosophila cell death. However, it is still unclear whether proteins
released from the mitochondria play a role in cell death, or if mitochondrial disruption itself
serves as a failsafe for insuring the elimination of doomed cells. Another intriguing possibility
is that mitochondrial localization, perhaps at sites of mitochondrial fission, is required for the
proapoptotic activity of these proteins independently of mitochondrial changes [45].

Cytochrome C

The mammalian apoptosome is formed when Cytochrome C and dATP bind to Apaf-1 resulting
in Caspase 9 recruitment and activation [10]. The CARD and WD40 domains of Apaf-1 are
required for this activation. One Drosophila isoform of the Apaf-1 homolog Dark also contains
both WD40 and CARD domains, suggesting that this isoform could indeed be activated by
Cytochrome C released from mitochondria. Dark has been reported to bind to Dronc and
Cytochrome C, and the addition of Cytochrome C to a cytosolic S2 cell fraction can enhance
the formation of a high molecular weight complex between Dark, Dronc, and Cytochrome C
[4,5,46]. This suggests that Cytochrome C might play a role in cell death in flies.

The demonstration of Cytochrome C release in Drosophila cell death is an area of considerable
controversy. Original studies by Varkey demonstrated that an epitope of Cytochrome C was
exposed in apoptotic cells and not detected in living cells [42]. However, this epitope remained
in a punctate, presumably mitochondrial, localization. This contrasts with the appearance of
diffuse Cytochrome C in dying cells reported by Abdelwahid [12]. These disparities could
reflect differences in antibody staining protocols. Fractionation studies done by many labs have
failed to find detectable cytoplasmic release of Cytochrome C [12,42,46,47]. However,
cytosolic Cytochrome C has been seen in at least two studies using fractionation [4,48]. Again,
technical differences may explain these apparent contradictions, although it is clear that
Cytochrome C release is not the easily detectable indicator of apoptosis initiation in flies that
it is in mammalian cells.

A variety of strategies have been used to examine the role of Cytochrome C in Drosophila cell
death. In 2003, Arama et al reported that disruption of one of the two Cytochrome C genes in
flies, cyt-c-d, resulted in a defect in a spermatid individualization [49]. In this process, a cyst
containing 64 connected spermatids separate into individual spermatozoa, with the removal of
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the majority of the cytoplasm of the cells. This process was shown to require caspase activation
[7,49,50]. Loss of function of dark also results in a spermatid individualization defect that
resembles loss of cyt-c-d, suggesting that the two proteins might act together in caspase
activation in these cells, similar to the prevailing models for Apaf-1 and Cytochrome C in
mammals [18]. Interestingly, Cyt-c-d appears to be the major form of Cytochrome C expressed
in the germline where it is important for caspase activation, whereas Cyt-c-p is expressed in
somatic cells and important for respiration. However either isoform can compensate
functionally for the other [18]. These results indicate that Cytochrome C has a role in activating
caspases in a non-apoptotic process.

There isalso evidence that Cytochrome C might function in developmental apoptosis in certain
tissues. The death of interommatidial cells in the developing eye is inhibited in animals lacking
cyt-c-d, and in flies mutant for dark or dronc [51]. In addition, adult flies lacking cyt-c-d also
show an extra scutellar bristle, another phenotype that is observed in dark mutants. above
results suggest that Cytochrome C is important for caspase activation by the Drosophila
apoptosome in some cases., the reported 3D structure of the Drosophila apoptosome shows
that although Dark contains the WD40 region important for Cytochrome C binding,
Drosophila apoptosome formation did not require Cytochrome C [52]. In addition numerous
studies have failed to demonstrate a role for Cytochrome C in apoptosis of tissue culture cells
[12,47,53]. Interestingly, apoptosis in Drosophila S2 cells, which does not require Cytochrome
C release, is inhibited by Drp-1 knock down, showing that mitochondrial fission has a role
separate from release of this factor [12].

IAP inhibitors

Three of the proteins released from mitochondria in mammalian apoptosis, ARTS, SMAC/
Diablo and Omi/HTRAZ2, can act as IAP inhibitors. SMAC/Diablo is considered to be a
functionally homologous to the Rpr, Grim and Hid IAP inhibitors. However, activation of
SMAC/Diablo activity by release from mitochondria in doomed cells is quite different from
the mechanism of activation of the Drosophila IAP inhibitors, which are for the most part
transcriptionally upregulated in doomed cells [54]. ARTS is a splice variant of a septin that is
localized to mitochondria, which can bind to and inhibit mammalian XIAP [55]. Genetic
evidence suggests a role for the Drosophila ARTS homolog in apoptosis.

Mammalian HtrA2/Omi is released from mitochondria during apoptosis, and cleaved HtrA2/
Omi can bind 1APs [56-58]. The Drosophila homolog of this protein, dOmi, was recently
described [48,59,60]. dOmi was shown to be mitochondrially localized and is released, along
with Cytochrome C, from the mitochondria upon activation of apoptosis [48,59]. Cleaved
dOmi can bind DIAP1 and promote DIAP1 cleavage and degradation. Expression of dOmi in
the eye caused a rough eye phenotype that was at least partially dependent on the serine protease
activity of dOmi [48,60]. This suggests that dOmi has at least two pro-apoptotic activities.
Importantly, reducing dOmi expression in the fly by RNAI was found to inhibit stress induced
apoptosis [59]. This is in contrast to HtrA2/Omi knock outs in mouse, where stress induced
apoptosis and neurodegeneration were increased [61]. It is possible that HtrA2/Omi has a
proapoptotic function when released from mitochondria, and an anti-apoptotic function in the
mitochondria. Both Cytochrome C and AlF also share dual pro-survival and pro-apoptotic
functions.

Other mitochondrial proteins

Another protein found to be released from mitochondria in mammalian cells is apoptosis
inducing factor (AIF) [62]. AlF is a flavoprotein that translocates from the mitochondria to the
nucleus on death stimulation, triggering DNA fragmentation. is also required for proper
mitochondrial function in living cells [63]. of the Drosophila homolog of AlF suggests both
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pro-survival and proapoptotic functions for this protein [64]. AIF knockouts are lethal at early
larval stages, with reduced ATP. Survival through embryonic stages may be supported by
maternal expression. These mutants also show reduced apoptosis in the developing embryo.
Interestingly, expression of a truncated, cytoplasmic form of AIF induced apoptosis in the eye.
This rough eye was not modified by mutations in Dark, or by the caspase inhibitor p35. The
rough eye was suppressed, however, by expression of DIAP1 or DIAP2. Further examination
of these phenotypes will help to clarify the role of AlF in cell death.

Are familial Parkinson’s associated genes involved in mitochondrial changes
in apoptosis?

Mutations in PINKZ1, a mitochondrial Ser/Thr kinase, and Parkin, an E3 ubiquitin ligase, are
associated with familial Parkinson’s Disease. Pink1 mutants in Drosophila exhibit defects in
spermatid individualization (as was observed in cyt-c-d and dark mutants) and a progressive
apoptotic death of flight muscles [38,65,66]. Loss of dopaminergic neurons was also reported
[38,66]. Interestingly, these phenotypes were associated with mitochondrial changes including
swelling and cristae fragmentation. Double mutant analysis of parkin and Pink1 suggests that
the two genes act in the same pathway. Overexpression of Parkin rescued the defects seen in
Pink1 mutants, suggesting that Parkin functions downstream of Pink1. Inhibiting the Jun
Kinase pathway also suppressed some Pink1 mutant phenotypes, including apoptosis, however
it did not suppress the appearance of swollen mitochondria [38]. Intriguingly, expression of
the BCL-2 homolog Buffy also suppressed Pink1 phenotypes.

Several reports have now looked for interactions between Pink1 or parkin mutants and
regulators of mitochondrial fission and fusion in Drosophila [67—69]. Expression of Drp-1,
promoting mitochondrial fission, or knockdown of Marf or Opal, inhibiting mitochondrial
fusion, suppresses Pink1 and parkin phenotypes. Loss of one copy of Drp-1 is lethal in
Pink1 and parkin mutant backgrounds [67,68]. Additionally, the mitofusin fuzzy onions
interacts genetically with Pink1 in spermatogenesis. Interestingly, these results suggest that
increased fission can protect PINK1 neurons from death. This contradicts other data indicating
a proapoptotic effect of increased fission. One interpretation is that the role of fission in
apoptosis could be context-dependent., the defects in mitochondrial fission seen in Pink1
mutations could cause cell death due to improper distribution of mitochondria within cells, as
is seen in drp-1 mutants [70].

Interestingly, a substrate was recently identified for mammalian PINK1 [71]. HtrA2/Omi was
phosphorylated in a PINK1-dependent manner after activation of the p38 stress pathway. Point
mutations in HtrA2/Omi have also been associated with Parkinson’s disease, and the
phosphorylation of HtrA2/Omi was reduced in patients with a PINK1 mutation. interaction
between dOmi and PINK1 in Drosophila has been reported [72]. of dOmi partially suppressed
PINK1 overexpression phenotypes. similar interaction was not found between dOmi and
Parkin., loss of both dOmi and Parkin was reported to completely suppress the rough eye
phenotype caused by PINK1 overexpression. The PINK1/Parkin/dOmi pathway showed both
physical and genetic interactions with Rhomboid-7, a mitochondrial intermembrane protease
that exhibits similar mutant phenotypes to PINK1 and Parkin. These observations are in
contrast to a report that showed that loss of dOmi did not result in mitochondrial defects and
did not suppress Pink1 overexpression phenotypes [73]. contradictions remain to be resolved.

Looking ahead

Though it remains controversial, increasing evidence points to a role for mitochondria and
mitochondrial factors in the regulation of apoptosis in Drosophila. role of the “canonical”
mitochondrial pathway in developmental apoptosis remains to be clarified., cell death defects
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seen in the absence of the Bcl-2 family member Debcl suggest that this pathway may have a
more important role in developmental apoptosis than previously recognized [25]. It is also not
yet clear whether Cytochrome C and other factors released from mitochondria only play a role
in cell death in specific tissues, or if more general roles have been missed due to the dual
survival and cell death roles of these proteins.

Several observations suggest interesting new functions for mitochondrial proteins implicated
in apoptosis and their cellular targets that merit further study. Mutations in Drosophila optic
atrophy 1-like protein OPAL also lead to mitochondrial defects similar to those seen with
rhomboid-7 [74]. Combined with the observations that lowering OPAL and Marf suppressed
phenotypes, including apoptosis, observed in Pink1 and parkin mutants in Drosophila, these
results suggest that future studies be conducted to further elucidate the role that mitochondrial
fusion proteins may play in regulating death.

A new role for Parkin was recently identified in mammalian cells [75]. Parkin appears to be
necessary to recruit autophagosomes to damaged mitochondria. Mitochondrial damage due to
uncoupling reagents results in recruitment of cytosolic Parkin to mitochondria. Significantly,
defects in mitochondrial fusion also lead to depolarization and recruitment of Parkin to
fragmented mitochondria. In Parkin deficient cells, damaged mitochondria fail to recruit
autophagosomes, and this defect is rescued by expression of Parkin. Further studies in
Drosophila may help elucidate a role for components of the autophagocytic machinery in
apoptosis.

It is perhaps surprising that the role of mitochondria in Drosophila apoptosis is still unclear.
Some of this lack of clarity may represent truly unique features of the cell death pathway in
flies. For example, the central role of IAP inhibitors in Drosophila apoptosis may be a particular
adaptation to the need for rapid induction of cell death during development, where caspase
activation downstream of mitochondrial pathways may be too slow. Alternatively, some of the
apparent differences between mammals and flies may reflect exchange of protein functions.
For example the Rpr, Grim, and Hid proteins may have taken over some of the functions of
the Bcl-2 family proteins, particularly with regard to regulating mitochondrial integrity.
Finally, differences in the gene functions found to be important in flies and mammals may
reflect more about differences between the study of cell death in an intact animal using loss of
function strategies and the examination of cells adapted to culture conditions.
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Figure 1. Drp-1 RNAI induces mitochondrial fusion in S2 cells

S2 cells were transfected with double-stranded RNA for Drp-1 or a control and mitochondrial
localized YFP, incubated for 3 days, and imaged by confocal microscopy. A,B) mitochondrial
localized GFP shows a reticular distribution of mitochondria throughout the cell. C,D) Knock
down of Drp-1 results in mitochondrial clumping. It is interesting to note that mitochondria do
not seem to segregate properly in diving cells (arrow).
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