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Abstract

The relationships between autophagy and cell death are complex and still not well understood. To
advance our understanding of the molecular connections between autophagy and apoptosis, we
performed an RNAi-based screen of Drosophila melanogaster apoptosis-related genes for their
ability to enhance or suppress starvation-induced autophagy. We discovered that six apoptosis-
related genes, Dcp-1, hid, Bruce, buffy, debcl and p53 as well as Ras/ Raf/MAPK signaling
pathway components play a role in autophagy regulation in Drosophila cultured cells. Our study
also provides the first in vivo evidence that the effector caspase Dcp-1 and IAP protein Bruce
regulate both autophagy and starvation-induced cell death at two nutrient status checkpoints,
germarium and mid-oogenesis, in the Drosophila ovary. Analysis of degenerating mid-stage egg
chambers in DmAtg1 and DmAtg7 mutants reveal a reduction in TUNEL staining though DNA
condensation appears unaffected. Based on these and previous findings, we propose here a putative
molecular pathway that might regulate the sensitivity threshold of apoptotic and autophagic
responses. We also discuss multiple interpretations of the Azg mutant egg chamber TUNEL
phenotype that are consistent with a possible role for autophagy in either suppressing or enhancing
the efficiency of cell degradation and/or promoting cell clearance associated with the death
process.
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Macroautophagy (autophagy hereafter) is a lysosome-mediated catabolic process involved in
the degradation and recycling of intra-cellular components. The association of autophagy
with cell death has attracted considerable attention and raised many unanswered questions.
To contribute to a better understanding in this area, our approach was to conduct a
systematic RNAi-based screen of Drosophila apoptosis-related genes to identify potential
apoptosis-related modifiers of starvation-induced autophagy. Starvation or nutrient
deprivation is a well characterized inducer of autophagy in Drosophilal and many other
organisms.2,3 We developed an efficient flow cytometer-based LysoTracker Green (LTG)
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assay as a primary screen and coupled that to a secondary GFP-LC3 redistribution assay,
both in Drosophila /(2)mbn cells, to provide readouts representing late and early stages of
autophagy, respectively. As an initial validation of our screening strategy, we designed
dsRNAs corresponding to autophagy genes and known autophagy regulators. Our findings
show that dsRNAs corresponding to eleven Drosophila Afg homologues are able to reduce
LTG levels in starved /(2)mbn cells. Knockdown of known positive and negative autophagy
regulators using RNAI also produces expected alterations in LTG and GFP-LC3. We next
screened twenty apoptosis-related and Ras pathway-related genes and found nine that
modify LTG and GFP-LC3 levels significantly. Knockdown of Dcp-1, hid, debcl, buffy and
p53suppresses LTG and GFP-LC3 levels in starved cells, identifying these genes as positive
regulators of autophagy. RNAi-mediated knockdown of Bruce, Ras, Rafand MAPK
enhances LTG and GFP-LC3 levels in starved cells, identifying these genes as negative
regulators of autophagy.

How might the identified gene products act to regulate or modulate the autophagic response
in nutrient-deprived cells? Our data show that the proapoptotic gene, Aid, but not rpr, grim,
or ski, acts to regulate starvation-induced autophagy in Drosophila /(2)mbn cells. Consistent
with our findings, overexpression of A/dinduces autophagy in various Drosophila tissues
including fat body, midgut and salivary glands.4 Survival Ras/Raf/MAPK signaling
specifically inhibits the proapoptotic activity of Hid,5 and our observations indicate that the
Ras/Raf/MAPK pathway also plays an inhibitory role in starvation-induced autophagy. The
Hid protein contains five MAPK phosphorylation consensus sites;5 thus it is possible that
survival signals regulate the crosstalk between autophagy and apoptosis through different
threshold levels of MAPK-mediated phosphorylation on Hid. In addition, Hid promotes
polyubiquitination of DIAP1 and antagonizes its anti-apoptotic activity through
proteasomal-dependent degradation.6 Surprisingly, we find that another 1AP protein, Bruce,
but not DIAP1 acts as a suppressor of autophagy, suggesting that Bruce, instead of DIAP1,
might be the downstream target of Hid and act to antagonize Hid-mediated autophagy. Bruce
and its mammalian homologue, Apollon, share sequence conservation in the BIR
(baculoviral-lIAP-repeat) and UBC (ubiquitin-conjugating enzyme) domains.7 Apollon
ubiquitinates and promotes degradation of SMAC, the mammalian homologue of Hid.7
Perhaps Drosophila Bruce has a similar molecular function as Apollon and promotes
degradation of Hid through ubiquitination, thereby acting to negatively regulate autophagy.
However, Bruce is a large protein (530 kDa) and it is plausible that it could regulate
autophagy through protein interactions with one of its other protein regions. Another
candidate Bruce-interacting protein that we identified in our screen is the effector caspase
Dcp-1. IAP family members can bind directly to caspases, and inhibit their activity.8 Thus, it
is possible that Bruce suppresses Dcp-1 activity or promotes Dcp-1 degradation through its
BIR and/or UBC domains. Such an interaction would be consistent with our identification of
Dcp-1 as a positive regulator of autophagy. Based on our recent observations and these
previous findings, we propose a hypothetical pathway for the regulation of starvation-
induced autophagy in Drosophila (Fig. 1). Clearly, epistasis analyses and protein interaction
studies are required to prove or disprove this model, and determine how it integrates with
other components (e.g., Tor) already known to control the autophagic response to starvation.
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To validate the autophagy modulating effects of some of the identified cell death-related
genes in vivo, we used Drosophila melanogaster oogenesis as a model system. Nutrient
deprivation triggers germline cell death at two specific stages during oogenesis, the
germarium and mid-stage oogenesis.9 Using a GFP-LC3 transgenic Drosophila line10 as
well as LysoTracker Red staining, we find that autophagy also occurs in response to nutrient
deprivation at these two stages in oogenesis. An earlier study in Drosophila virilis similarly
reports the presence of autophagic structures, as observed by TEM, in mid-stage (as well as
late-stage) oogenesis.11 Dcp-1 is required for mid-stage egg chamber cell death.12 We
further demonstrate that Dcp-1 is required for cell death in germaria, and is also necessary
for starvation-induced autophagy in both germaria and mid-stage egg chambers. Further,
overexpression of Dcp-1 was sufficient to induce autophagy at these two stages even under
well-fed conditions (Fig. 2). Loss-of-function mutations in Bruce resulted in ecotopic
autophagy and cell death in both stages, regardless of nutrient status, indicating that Bruce
acts normally to suppress both autophagy and cell death during Drosophila oogenesis. Thus,
our observations using RNAI targeting Dcp-1 and Bruce in the /(2)mbn cell line were
confirmed in vivo during Drosophila melanogaster oogenesis.

If an effector caspase is required for autophagy and apoptosis, what determines the balance
between these two processes and what is the final cellular outcome? In the Drosophila ovary,
the two cellular stress responses occurred together and it is possible that autophagy is part of
the apoptotic response itself, an idea put forward already by Thorburn.13 Several cell death
regulators have functions that are involved in the adaptation to stress.14 For example,
EGL-1, a BH3-only protein, is required for metabolic stress,15 and AlF plays a role in redox
stress.16 Hence, an alternative idea is that some proteins involved in stress responses, such
as autophagy, also evolved roles as cell death effectors. A previous biochemical study shows
that the effector caspase Dcp-1 is able to auto-cleave/auto-activate and also cleave another
effector caspase, drICE.17 In contrast, drICE does not act to cleave itself.17 It is possible
that the level of Dcp-1 activity could determine the sensitivity thresholds of autophagic and
apoptotic responses. Starvation signals might initially induce a low level of Dcp-1 activity
which promotes autophagy for cell survival, giving the cells a chance to recover and allow
continued development. Prolonged starvation signals might result in a higher level of Dcp-1
activity which in turn activates drICE and triggers apoptosis. Future studies to elucidate
upstream regulators and downstream substrates of Dcp-1 in cells undergoing autophagy and
apoptosis will help to further establish the regulatory mechanisms governing the crosstalk
between these two cellular processes.

The role of autophagy in cell death is still not well understood and appears to be context-
dependent. During developmental cell death, such as embryogenesis and insect
metamorphosis, it is proposed that autophagy acts to assist dead cell clearance when
insufficient phagocytes are available for corpse removal.18,19 Three recent studies
demonstrate that autophagy is involved in developmental cell death processes.20-22 In a
mouse embryoid body cavitation model20 and in a mouse neuroepithelium model,22
autophagy is essential for the clearance of dying cells by generating engulfment signals,
including lysophosphatidylcholine secretion (come-get-me signal) and phosphatidylserine
exposure (eat-me signal). During Drosophila metamorphosis, autophagy genes are
demonstrated to be required for complete salivary gland cell degradation.21 In the
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Drosophila ovary, nutrient deprivation signals trigger germarium (region 2A) and mid-
oogenesis cell death to remove defective egg chambers before the investment of energy into
them,9,23 and our results showed that nutrient deprivation also triggers autophagy at these
two stages.

To investigate the role of autophagy during germarium and mid-oogenesis cell death, we
analyzed the phenotype of DmAtg1 germline clones and DmAfg7 mutant ovaries. Although
chromatin condensation appears normal, TUNEL staining, an indicator of DNA
fragmentation, appears reduced in germarium cells and degenerating mid-stage egg
chambers in DmAtg1 and DmAtg7 mutants. How might autophagy be involved in DNA
degradation during Drosophila germarium and mid-stage nurse cell death? DNA degradation
is mediated by multiple nucleases,24 including cell-autonomous and waste-management
nucleases. Most cell autonomous nucleases generate TUNEL-reactive DNA fragments.25
Autophagy might positively regulate the activity of cell-autonomous nucleases and thus be
involved directly in the regulation of DNA fragmentation. Alternatively, autophagy could
modulate the activity of the lysosomal nuclease, DNAsell, which generates 5'-hydroxyl and
3'-phosphate ends that are unrecognizable substrates for TdT of the TUNEL assay. In this
scenario, autophagy might act normally to delay or suppress DNAse I1-mediated DNA
degradation,25 and, thus, autophagy inhibition would result in accelerated DNAsell activity
and a concomitant decrease in TUNEL-positive DNA. Electron microscopy analyses show
that nurse cell debris is engulfed by surrounding follicle cells in dying mid-stage egg
chambers.26 Therefore, the TUNEL-negative nurse cell nuclei in the DmAtg1 and DmAtg7
mutants could also be accumulated cell corpse DNA, which cannot be recognized by
engulfing cells because of failure to display engulfment signals. However, in mouse
embryoid body and retinal neuroepithelium models, dying cells in Azg gene mutants fail to
display engulfment signals but still show TUNEL staining,20,22 a result that differs from
our observations in the Drosophila ovary. The possible role(s) of autophagy in DNA
degradation, as illustrated in Figure 3, remains to be further investigated. It is interesting to
note that cell-autonomous DNA degradation is not essential for cell death but appears to
affect the efficiency or extent of death at least in some systems. In contrast, removal of dead
cell debris can be required for sustained organism survival.24 Thus, we propose that at least
one of the functions of autophagy in the Drosophila ovary is to enhance or suppress the
efficiency of cell degradation and/or promote corpse clearance associated with cell death.

Mammalian homologues of Drosophila Bruce, Hid and Dcp-1 are Apollon, Smac and
Caspase-3, respectively. It remains to be tested whether the autophagy-regulating functions
of Bruce, Hid and Dcp-1 are conserved in these mammalian counterparts. Interestingly,
overexpression of Apollon can suppress apoptosis, and recent evidence suggests that this
occurs indirectly via p53.27 As noted above, Apollon can also ubiquitinate the pro-apoptotic
protein Smac, as well as Caspase-9.7 Smac/DIABLO is released from the mitochondria to
antagonize 1APs, namely XIAP, clAP-1 and -2, survivin and Apollon.8 In this way, Smac
promotes the activation of Caspase-3 and is proapoptotic. Perhaps it has a similar
proautophagy mode of action. Low levels of Smac28 and Caspase-3,29 are associated with
chemotherapy resistance, and based on our model in Figure 1, low level activation would be
consistent with induction of autophagy. While genetic studies showed that autophagy may
act as a tumor suppressor mechanism,30,31 autophagy can also play a protective role during
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chemotherapy and radiation treatment.32—-36 Since Smac mimetics and suppression of AP
proteins are under active investigation as anti-cancer treatments,37 it may be worthwhile to
investigate a therapeutic strategy that combines Smac mimetics with autophagy inhibition. If
Smac, Apollon and Caspase-3 do function in autophagy regulation, it will be important to
understand their effects in both normal and cancer cells. And given the complexity of
apoptotic signaling pathways, it is likely that additional apoptosis-related genes with a link
to autophagy will be discovered.
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A hypothetical pathway for the regulation of sensitivity thresholds leading to autophagy or
apoptosis. Based on the known apoptosis-related interactions of the gene products identified
in our study, we propose a putative pathway involved in the regulation of starvation-induced

autophagy in Drosophila. In this model, the effector caspase Dcp-1 plays a key role in

defining the balance between autophagic and apoptotic responses.
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Figure2.
The effector caspase Dcp-1 is sufficient for the induction of autophagy during Drosophila

oogenesis. Expression of activated Dcp-1 in the germline (UASp-GFP-LC3/+; nanos-GAL4/
nanos-GAL4 UASp-tDcp-1)38 resulted in nurse cell death during mid-oogenesis (arrow)

and dying nurse cells had numerous GFP-LC3 puncta (green). DAPI staining of nuclei is
shown in white. Scale Bar: 50 pm.
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Figure 3.
Possible relationships between autophagy and DNA degradation in Drosophila oogenesis.

The diagram depicts how autophagy might play a role in the DNA degradation process based
on the reduced TUNEL staining phenotype observed in dying mid-stage egg chambers of
DmAtg1and DmAtg7 mutants. Autophagy could positively regulate the activities or
subcellular localization of cell-autonomous nucleases (that generate TUNEL-reactive
fragments) and thereby enhance DNA degradation. Alternatively, autophagy may negatively
regulate the activity of lysosomal nuclease DNAsell (that generates TUNEL non-reactive
DNA ends), and thereby suppress or delay DNAsell-mediated DNA degradation. Finally,
autophagy could sustain the high ATP levels that are required for display of engulfment
signals, including lysophosphatidylcholine (come-get-me) and/or phosphati-dylserine (eat-
me).
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