Comment

Drosophila Apoptosis and Bcl-2 Genes: Outliers Fly in
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After much speculation (Abrams, 1999; McCall and Stel-
ler, 1997; Meier and Evan, 1998), work described in this is-
sue of The Journal of Cell Biology and in a recent issue of
Proceedings of the National Academy of Sciences of the
United States of America (Igaki et al., 2000) unveils the
long anticipated, missing piece of the apoptosome in flies.
On page 703 in this issue, in a paper by Colussi et al., Ku-
mur, Richardson, and colleagues characterize the first
Drosophila members of the Bcl-2 gene family whose func-
tion is important for programmed cell death (PCD). The
founding member of this gene family was identified as the
proto-oncogene upregulated by t(14;18) translocations in
B cell follicular lymphomas. Since this discovery, and its
link to the regulation of cell death, the Bcl-2 family of pro-
teins has grown to include more than twenty members of
death-suppressing and -promoting molecules found in the
genomes of worms, mammals, viruses, and now flies (Gross
et al., 1999; Vander Heiden and Thompson, 1999).

Central components of the apoptosis machinery in
worms, mammals and flies are schematized in Fig. 1. In C.
elegans, both Ced-3 and Ced-4 are required for all PCD
during worm development. Ced-3 encodes a founding
member of the caspase family (cysteine proteases) while
Ced-4 promotes the activation of Ced-3 through direct
physical interaction. The upstream death regulator, Ced-9,
protects cells from death by forming a complex with Ced-4,
thus preventing the activation of Ced-3 by Ced-4. A pro-
apoptotic protein with limited Bcl-2 similarity, Egl-1, can
interact with Ced-9 to derepress Ced-4 and permit activa-
tion of Ced-3 (reviewed in Metzstein et al., 1998; Gumi-
enny et al., 1999; Horvitz, 1999).

In mammals the Ced-4 homologue, Apaf-1, together
with cytochrome c released from mitochondria, promotes
oligomerization and activation of the mammalian apical
caspase, caspase-9. Activated caspase-9 subsequently pro-
cesses downstream effector caspases (e.g., caspase-3) thus
initiating a caspase cascade leading to apoptosis. In this
pathway, the Bcl-2 family of proteins is thought to act up-
stream of caspase activation, perhaps regulating the initial
phase of caspase processing, while in other situations (e.g.,
death receptor signaling), Bcl-2 proteins may function to
amplify or propagate an already initiated caspase cascade.
The Bcl-2 related proteins can form homo- and hetero-
dimers through their conserved domains (BH domains).
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This ability to dimerize, and the relative abundance of the
pro- and anti-apoptotic members, are thought to be impor-
tant determinants regulating the propensity of a given cell
to convert death signals into an apoptotic response (re-
viewed in Adams and Cory, 1998; Gross et al., 1999;
Vander Heiden and Thompson, 1999).

How do the mammalian Bcl-2 proteins function to regu-
late cell death? Since human Bcl-2 can partially reverse
cell death defects found in Ced-9 mutant worms, Ced-9
and Bcl-2 are thought to share at least some functional
properties (Vaux et al.,, 1992; Hengartner and Horvitz,
1994). Thus, one proposed mechanism draws on possible
functional analogies to the Ced-9 protein, which physically
binds to and inhibits Ced-4. Consistent with this hypothe-
sis, some Bcl-2 proteins were found to associate with
Apaf-1 (Hu et al., 1998; Inohara et al., 1998; Pan et al.,
1998; Song et al., 1999), leading to speculation that Bcl-2
proteins could regulate apoptosis by interfering with
Apaf-1-dependent caspase-9 activation. This is an attrac-
tive model, easily reconciled with the relationship between
Egl-1, Ced-9, Ced-4, and Ced-3 in C. elegans. However,
when native Bcl-2 proteins were directly examined, the
predicted associations with Apaf-1 were not found, raising
doubts as to whether the Apaf-1/Bcl-2 overexpression
studies truly reflect the physiological condition (Moriishi
et al., 1999). Alternative models for Bcl-2 function have
also developed over the years. Some members of the Bcl-2
family are either resident proteins of mitochondrial mem-
branes or transit from the cytosol to mitochondria in as-
sociation with an apoptotic signal. Together with a re-
semblance to bacterial toxins and their ability to form
channels in lipid bilayers, it has been suggested that Bcl-2
proteins also function to regulate the flow of caspase-acti-
vating substances, such as cytochrome ¢ and apoptosis-
inducing factor (AIF), from the mitochondria to the cyto-
sol by forming and/or regulating pores on mitochondrial
membranes (Green and Reed, 1998, Gross et al., 1999).
This picture is consistent with the ability of Bcl-2 to sup-
press the release of cytochrome ¢ from isolated mitochon-
dria (Kluck et al., 1997; Yang et al., 1997) and a reported
association with the mitochondrial voltage-dependent an-
ion channel (Shimizu et al., 1999). Although we have
learned a great deal since their discovery more than a de-
cade ago, the precise mechanism(s) by which these pro-
teins exert their function remains both an elusive and
intensely controversial issue. Given that evolutionary per-
spectives often provide clues to the nature of molecular
function, an implicit undertone coloring this debate is
whether (or to what extent) the anti-apoptotic Bcl-2 pro-
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Figure 1. Conserved elements of the cell death machinery in
nematodes, mammals and flies are presented in schematic form.
The order of gene action is based on precedents established in
the nematode, C. elegans.

teins actually share biochemical functions with Ced-9. Ac-
cordingly, the newly identified Bcl-2 homologues from a
distantly related genetic model promise additional ave-
nues to help resolve this problem.

Colussi et al. (2000) identified Debcl (death executioner
Bcl-2 homologue) and a second Bcl-2 homologue from a
database search of the Drosophila genome. These two
Drosophila proteins share a high degree of similarity, and
among the published Bcl-2 members, they are most similar
to Bok. Both contain BH1, BH2, and BH3 domains as well
as a hydrophobic transmembrane region. Interaction pro-
filing studies demonstrated that Debcl can bind to most of
the mammalian anti-apoptotic family members (e.g., Bcl-2,
Bcl-x,, etc.), but not to pro-apoptotic members (such as
Bik, Bax, and Bak, etc.). In cell culture and in transgenic
animals, directed expression of Debcl provokes extensive
cell death which required an intact BH3 domain and was
suppressible by the virally derived caspase inhibitor, p35.
In the embryo, the appearance of Debcl RNA correlates
with PCD at many stages and in various tissues. Colussi et
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al. (2000) also used the RNA interference technique, a rel-
atively new method of blocking gene expression, to vali-
date a pro-apoptotic function for Debcl and demonstrate a
requirement for this gene during embryonic cell death. A
concurrent paper by Igaki et al. (2000) characterizes the
same gene, which they refer to as Drob-1. They used a
clone that is 25 residues longer at the NH, terminus and
found that Drob-1, like Debcl, was pro-apoptotic. In re-
lated studies, they also uncovered a requirement for the
carboxyl hydrophobic transmembrane region and found
that, like its mammalian counterparts, Drob-1 localized to
mitochondria when expressed in cultured cells. While the
two groups studying this gene agree on its expression pro-
file and its pro-death properties, there are significant dis-
crepancies as well. For instance, whereas the Debcl group
contends that the gene does not include a BH4 domain,
the Drob-1 group contends that it does. The issue might be
more than academic since it would be the first example of
a pro-apoptotic member of the family that contains a BH4
motif (outside of Bclx). Another discrepancy is that al-
though expression of Debcl/Drob-1 provoked caspase ac-
tivation, Colussi et al. (2000) found that p35 was able to
suppress accompanying cell death (in cultured cells and
the animal) whereas lgaki et al. (2000) report that it was
not (only cultured cells were tested). The differential ef-
fects of p35 in the two studies might be due to the slightly
different clones that were used or the differing expres-
sion levels obtained in the two labs. Other possibilities in-
clude the induction of p35-insensitive caspases or the acti-
vation of caspase-independent events that lead to cell
death. Again, given the importance of caspase-indepen-
dent events associated with Killing by pro-death Bcl-2
genes in mammalian cells (Xiang et al., 1996; McCarthy et al.,
1997), reconciling these differences will be more than sim-
ply an academic exercise.

How does Debcl/Drob-1 fit into our current view of cell
death genetics in flies? Although it is far too early for a
well-focused picture, the similarities to pro-death Bcl-2

Figure 2. Programmed cell
death pathways in Dro-
sophila. In Drosophila, all
embryonic PCD requires the
activities of three closely
linked genes, Rpr, Grim, and
Hid. Expression of these
apoptosis regulators initiates
multiple downstream path-
ways to activate caspases and
kill cells. Rpr, Grim, and Hid
may induce formation of an
apoptosome complex con-
sisting of cytochrome ¢ (cyt.
p35 ¢), Dark (Kanuka et al., 1999;

Rodriguez et al., 1999; Zhou

et al, 1999), and apical
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caspases such as Dronc (Loretta et al., 1999) and Dredd (Chen et al., 1998), which in turn promotes caspase activation and propagation
of proteolytic activity to downstream, effector caspases (Abrams, 1999). Alterations in cyt. ¢ (Varkey et al., 1999) could be regulated by
Scythe, a protein that binds all three death activators (Thress et al., 1999, 1998). Rpr, Grim, and Hid also engage caspases via one or
more Dark-independent pathways. These involve derepression of native caspase inhibitors such as Diapl (Wang et al., 1999). The pro-
apoptotic Bcl-2 proteins (Drob-1/Debcl) probably function downstream of Rpr, Grim, and Hid and might directly engage caspases or
function through Dark/cyt. ¢ to propagate death signals. Currently, no pro-survival Bcl-2 gene has been reported in Drosophila.
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genes combined with epistasis data connecting Debcl to
existing players of the Drosophila cell death pathway sug-
gests a tentative molecular order for gene action (see Co-
lussi et al., 2000, and Fig. 2). Debcl-associated death phe-
notypes were sensitive to the dosage of DIAP1 and Dark
(the APAF-1/Ced4 ortholog) indicating that the protein
functions upstream, or parallel to, the action of these
genes. Expression of Debcl/Drob-1 also provoked caspase
activation which (at least in the animal) was reversed by
the broad-spectrum caspase inhibitor, p35. In contrast, cell
killing by Debcl was insensitive to the dosage of the death
activators Rpr, Grim, and Hid, suggesting that the protein
either functions downstream or parallel to these genes.
While the pathways in Fig. 2 (and Colussi et al., 2000) offer
a reasonable interpretation of the current data, the usual
caution and caveats apply since the position of the fly Bcl-2
proteins is largely based upon dominant phenotypes re-
sulting from directed overexpression studies. Neverthe-
less, given the attention these genes are likely to receive,
we can expect rigorous testing of the model for years to
come. In this regard, the isolation of null mutations in
these genes and the identification of an anti-apoptotic
ortholog are perhaps the highest priorities.
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