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govern Eiger/TNF-induced nonapoptotic cell death
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Caspase-independent cell death is known to be important in
physiological and pathological conditions, but its molecular regu-
lation is not well-understood. Eiger is the sole fly ortholog of TNF.
The ectopic expression of Eiger in the developing eye primordium
caused JNK-dependent but caspase-independent cell death. To
understand the molecular basis of this Eiger-induced nonapoptotic
cell death, we performed a large-scale genetic screen in Drosophila
for suppressors of the Eiger-induced cell death phenotype. We
found that molecules that regulate metabolic energy production
are central to this form of cell death: it was dramatically sup-
pressed by decreased levels of molecules that regulate cytosolic
glycolysis, mitochondrial p-oxidation of fatty acids, the tricarbox-
ylic acid cycle, and the electron transport chain. Importantly, re-
ducing the expression of energy production-related genes did not
affect the cell death triggered by proapoptotic genes, such as
reaper, hid, or debcl, indicating that the energy production-related
genes have a specific role in Eiger-induced nonapoptotic cell death.
We also found that energy production-related genes regulate the
Eiger-induced cell death downstream of JNK. In addition, Eiger
induced the production of reactive oxygen species in a manner
dependent on energy production-related genes. Furthermore, we
showed that this cell death machinery is involved in Eiger's phys-
iological function, because decreasing the energy production-related
genes suppressed Eiger-dependent tumor suppression, an intrinsic
mechanism for removing tumorigenic mutant clones from epithe-
lia by inducing cell death. This result suggests a link between sen-
sitivity to cell death and metabolic activity in cancer.
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Recent studies have revealed that nonapoptotic cell death is
important in both physiological and pathological conditions;
however, its molecular mechanism is still largely unknown. Ag-
onistic ligands of death receptors, such as tumor necrosis factor-o
(TNFa), FasL, and TNF-related apoptosis-inducing ligand
(TRAIL), generally induce caspase-dependent cell death, the
typical form of apoptosis (1). Intriguingly, these ligands can also
induce nonapoptotic cell death when caspases are inhibited or
cannot be activated efficiently (2, 3).

A surprising finding that implied the importance of non-
apoptotic cell death was that, except in the brain, mice mutant
for core regulators of apoptosis do not exhibit severe embryonic
tissue-sculpting defects such as interdigital tissue removal, a
classic example of physiological cell death (although bax™'~bak™~
double mutant mice have some remaining interdigital tissue) (4).
Interestingly, nonapoptotic cell death is observed in the inter-
digital region of apaf-1 mutant mice (5, 6). These results indicate
that nonapoptotic cell death may function physiologically to
remove unnecessary tissue or as an alternative mechanism to
remove cells when the apoptotic machinery is inhibited. Caspase-
independent or nonapoptotic cell death has also been observed
in oncogenic ras-induced cell death (7) and under other patho-
logical conditions (8).

We and other groups previously reported that the Drosophila
genome encodes one pair of TNF/TNF receptor (TNFR) super-
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family proteins: Eiger and its receptor, Wengen (9-12). The ec-
topic expression of Eiger induces cell death through the activa-
tion of c-Jun N-terminal kinase (JNK) signaling both in vivo (9,
10) and in vitro (12). Intriguingly, Eiger-induced cell death seems
far less sensitive to the baculovirus-derived pan-caspase inhibitor
p35 (9, 10) than other apoptotic cell deaths (13). Thus, the Eiger-
induced cell death signaling in Drosophila can provide a powerful
genetic model system for studying the conserved mechanism of
TNF-induced, caspase-insensitive cell death signaling in vivo.
Although several downstream molecules that mediate Eiger-
Wengen signaling have been identified (9-12, 14-18), little is
known about the mechanism by which these molecules mediate
nonapoptotic cell death. In mammals, the signaling cascade of
nonapoptotic cell death has been studied since the identification
of necroptosis, which is induced by TNF in the presence of cas-
pase inhibitor (19-21). However, no comprehensive genetic in-
vestigation to elucidate the mechanisms of nonapoptotic cell
death, programmed necrosis, or necroptosis in vivo has been
reported. Therefore, to examine the genetic control of non-
apoptotic cell death, we chose a forward genetic screen for Eiger/
TNF-induced cell death signaling in Drosophila.

In this study, we found that Eiger-induced nonapoptotic cell
death signaling requires molecules related to the production of
metabolic energy downstream of activated JNK. The ectopic
activation of Eiger signaling resulted in the overproduction of
reactive oxygen species (ROS) downstream of JNK signaling. We
also found that this cell death system is, at least in part, used as
an intrinsic tumor suppression system in endogenous Eiger sig-
naling to remove tumorigenic scrib mutant cells from epithelia.

Results

Eiger-Induced Cell Death Does Not Require the Canonical Caspase
Activation Pathway in Drosophila Developing Eyes. We previously
showed that the sole Drosophila TNF superfamily ligand, Eiger,
induces massive cell death when it is ectopically expressed in the
developing eye primordium (eye imaginal disc). This cell death
requires the activation of the Drosophila INK, Basket (Bsk) (9,
10). Intriguingly, although Eiger has been shown to activate
caspases (9, 10, 22, 23), the Eiger-induced eye phenotype was
only slightly suppressed by coexpression of the pan-caspase in-
hibitor, p35 (Fig. 1 B and E) (9, 10), whereas p35 almost com-
pletely suppressed the cell death phenotype triggered by the
ectopic expression of the proapoptotic gene reaper or head in-
volution defective (hid) (Fig. 1 C, D, F, and G). This finding
suggested that the Eiger-induced cell death is only partly de-
pendent on caspases. Therefore, we first sought to clarify the
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Fig. 1. Eiger-induced cell death is caspase-independent in Drosophila eyes.
(A-G) Genetic interactions between the pan-caspase inhibitor p35 and Eiger,
Reaper, or Hid. Note that the coexpression of p35 with Eiger did not sig-
nificantly suppress the reduction of the adult eye size. (H-J) Ectopic ex-
pression of Eiger did not induce a significant increase in caspase 3-like
activity. (K-N) Loss of the Drosophila initiator caspase, dronc, did not sup-
press the Eiger-induced eye reduction. The dronc-null mutant allele is de-
scribed in ref. 49. In all images, anterior is to the left.

requirement for caspase activation in Eiger-induced cell death.
Immunostaining for cleaved caspase 3 revealed that the over-
expression of Eiger only slightly increased the caspase 3-like
protease activity (Fig. 1 H-J). In addition, because p35 blocks the
effector caspases drICE and DCP1 but not the initiator caspase
Dronc (24, 25), we evaluated Dronc’s involvement in the Eiger-
induced cell death by overexpressing Eiger in a dronc-null
mutant background. However, no phenotypic suppression was
observed under this condition (Fig. 1 K-N), consistent with
a previous observation that the overexpression of a dominant
negative form of Dronc does not affect the Eiger-induced eye
phenotype (9). Thus, Eiger-induced cell death requires little,
if any, activation of the canonical caspase pathway in the eye
imaginal disc.

Eighteen Deficiencies That Dramatically Suppress the Eiger-Induced
Eye Phenotype Identified by a Genome-Wide Dominant Modifier
Screen. To understand the molecular mechanism of the Eiger-
induced nonapoptotic cell death in vivo, we conducted a ge-
nome-wide screen using a series of chromosomal deficiency lines
to identify dominant suppressors of Eiger-induced eye reduction
(Materials and Methods). We screened more than 80% of the
genome and recovered 18 deficiency alleles, which we named
suppressors of Eiger (SEs 1-18) (Fig. S1 and Table S1). The
responsible regions for the suppression in these deficiency alleles
were narrowed down by using sets of small, partially overlapping
deficiencies, and the responsible genes were determined by
screening publicly available mutant lines. The Drosophila TNF
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receptor, Wengen, was identified in the deficiency region of SE1,
as described previously (11).

Knockdown of Genes Related to Energy Production Suppresses the
Eiger-Induced Small Eye Phenotype. We noticed that genes involved
or predicted to be involved in mitochondrial function were fre-
quently found in the responsible regions of the SE lines (Table
S1). For instance, the Eiger-induced small eye phenotype was
significantly suppressed by P-element insertions into or near the
loci of cytochrome c-d (cyt.c-d; it encodes one of two isoforms of
Drosophila Cyt.c), Indy (a Krebs cycle intermediate transporter
at the plasma membrane), Nmd (an ATPase), or CGI8317 (a
mitochondrial carrier protein) (Table S1). In addition, the locus
of Isocitrate dehydrogenase, which encodes a mitochondrial tri-
carboxylic acid (TCA) cycle enzyme, was involved in a small
deletion of Df(3L)66C-165, which was recovered as the small
deletion in SE8 (Table S1). Because the mitochondrion is the
major energy-producing organelle, we next evaluated the role of
metabolic energy production-related genes in the regulation of
Eiger-induced cell death. To examine the contribution of energy
homeostasis to Eiger-induced cell death, we knocked down en-
ergy production-related genes in Eiger-expressing imaginal discs.
Strikingly, the knockdown of genes involved in cytoplasmic gly-
colysis, the mitochondrial TCA cycle, the f-oxidation of fatty
acids, or the electron transport chain was effective in suppressing
the Eiger-induced small eye phenotype (Fig. 2 4, F, and G).
However, the knockdown of these genes had no effect on the
caspase-dependent cell death triggered by the overexpression of
Reaper, Hid, or Debcl (Fig. 2 B-D), indicating that regulation by
energy production-related molecules is specific for the Eiger-
induced nonapoptotic cell death. These results indicated that the
energy production system is a crucial regulator of Eiger signaling.

Energy Production-Related Molecules Act Downstream of JNK
Signaling. Because Eiger-induced cell death is mediated by the
JNK pathway (9, 10), we next examined the epistasis between the
JNK pathway and the energy production-related genes that we
identified as suppressors of Eiger. The knockdown of carnitine-
palmitoyl transferase-I1 (CPTI; believed to be the rate-limiting step
of fatty acid oxidation), phosphoglycerate kinase (pgk; a trans-
ferase in glycolysis), or cyt.c-d (electron transport chain protein)
significantly inhibited cell death (Fig. 3 A'-E’) without affecting
JNK activation (Fig. 3 A-E), suggesting that these molecules
mediate Eiger-induced cell death signaling downstream of JNK.

Eiger-Induced Cell Death Is Accompanied by the Production of ROS. In
some cell lines, such as the murine fibrosarcoma-derived 1.929,
treatment with TNFa induces caspase-independent cell death
through the production of ROS (26). We therefore examined if
Eiger-induced cell death follows oxidative stress using flies that
express Glutathione S transferase D1-GFP (gstD-GFP), a ROS-
inducible gstD promoter-GFP reporter (27, 28). When Eiger was
ectopically expressed in the eye imaginal discs of these flies, the
cells showed an oxidative stress response, which was revealed by
the increase in gstD-GFP expression (Fig. 4 A-C). The strength
of this response correlated with the strength of the adult eye
phenotype (Fig. 4 A-C and A'-C’). Furthermore, dihydroethi-
dium staining of these eye discs, in which Eiger was expressed in
small patches of the disc, indicated that the cells that ectopically
expressed Eiger produced superoxide (O,7) (Fig. S2). In addi-
tion, the up-regulation of gstD-GFP reporter expression was
strongly suppressed by reducing the gene dosage of bsk (Fig. 4 C,
C’, D, D, and F). Furthermore, the ectopic expression of a JNK
kinase kinase, dTAKI, also increased the gstD-GFP signal (Fig.
S3). These results suggest that oxidative stress is induced
downstream of the activated JNK pathway.

We also found that the knockdown of energy production-re-
lated genes such as cyt.c-d, GAPDH?2, or aconitase significantly
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Fig. 2.

Energy production-related proteins are specifically required to execute Eiger-induced cell death signaling. (A-E) Light micrographs of transgenic flies.

The genetic background in A-E was w; UAS-eiger’egg'H; GMR-GAL4/+ (A), w; GMR-GAL4/+; GMR-rpr/+ (B), w; GMR- hid/+; GMR-GAL4/+ (C), w; GMR-GAL4/+;
UAS-debcl/+ (D), and w; GMR-GAL4/+; +/+ (E). Columns a-n indicate the responsible genes for each UAS-dsRNA line. Anterior is to the left. (F and G) Schematic
diagram of glycolysis, p-oxidation of fatty acids, and the TCA cycle (F) and diagram of the electron transport chain (G). Responsible genes for RNAi lines that
suppressed the Eiger-induced phenotype are shown in red letters. Dashed arrows indicate that the corresponding genes have not been mapped to the
chromosome yet or RNAI flies are not publicly available. Complete genotypes and abbreviations are listed in S/ Materials and Methods.

attenuated the production of oxidative stress that was induced by
the ectopic expression of Eiger to a similar extent as the knock-
down of bsk or dTAKI1 (Fig. 4G). In contrast, the overexpression
of Hid did not increase the gstD-GFP signal (Fig. 4 E, E’, and F).
These results, together with the findings shown in Fig. 3, suggest
that the energy production-related molecules regulate the pro-
duction of ROS downstream of JNK in the Eiger-induced cell
death pathway.

Energy Production-Related Molecules Are Required for the Physio-
logical Eiger-Induced Death of Tumorigenic Mutant Cells. We next
assessed whether these molecules contribute to the cell death
triggered by endogenous Eiger. The imaginal tissue of mutants
for evolutionarily conserved tumor suppressors, such as scribble
(scrib) or discs large (dlg), overgrow and develop into tumors
(29). However, when these tumorigenic mutant cells are sur-
rounded by WT tissue, they do not overgrow but are, instead,
eliminated from the tissue through Eiger-JNK-induced cell
death (30, 31). Thus, physiological Eiger signaling functions as
an intrinsic tumor suppressor to eliminate tumorigenic mutant
cells. We therefore asked if energy production-related molecules
regulate the endogenous Eiger signaling during the elimination
of tumorigenic scrib mutant clones. To this end, we reduced the
expression of CPTI (for fatty acid metabolism) or pgk (for gly-
colysis) in scrib mutant clones by the Mosaic Analysis with
a Repressible Cell Marker (MARCM) method (32). The scrib
mutant clones generated in the eye antennal discs were largely
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eliminated from the tissue during the larval and pupal stages
(Fig. 5 A, B, E, and F) (31). However, when CPTI or pgk was
knocked down, the area of the tumorigenic scrib mutant clones in
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%

Fig. 3. Energy production-related molecules act downstream of the JNK
pathway. Eye imaginal discs of wandering third instar larvae stained with an
anti-phospho-JNK antibody (A-E) and acridine orange (A’-E’). (A-E) Eiger-
induced activation of JNK was not suppressed by the down-regulation of
energy production-related molecules. (A'-E’) The extensive Eiger-induced
cell death posterior to the morphogenetic furrow was suppressed by the
down-regulation of energy production-related molecules. In all images,
anterior is to the left, and arrowheads indicate the morphogenetic furrow.
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Fig. 4. Activation of Eiger signaling induces ROS production. (A-E) Eye
imaginal discs of wandering third instar larvae. Anterior is to the top.
Arrowheads indicate the morphogenetic furrow. (A’ -£’) Adult eye images of
A-E. Anterior is to the left. (F) The number of proommatidial clusters that
expressed GFP within the single eye discs shown in A-E was counted and
analyzed statistically. Asterisks indicate statistical significance, which was
determined by Student’s t test. *P < 0.01; **P < 0.001. wk and st mean weak
and strong alleles of UAS-eiger, respectively. (G) RNAi-based knockdown of
JNK pathway components or mitochondria-related genes attenuated the
production of ROS induced by the overexpression of Eiger. Each bar in the
graphs of F and G represents the mean + SEM. The number of independent
data points in F and G is indicated as n.

the eye antennal discs increased significantly (Fig. 5 B-D and I),
although strong JNK activation was still observed in these cells
(Fig. 5 E-H and E’'-H"). The knockdown of CPTI or pgk in the
WT cells did not increase the clone area or pupal lethality;
rather, it decreased the clone area, presumably because of the
reduction in energy production (Fig. 5I). Therefore, the in-
creased area of the tumorigenic scrib mutant clone was not an
additive effect of the CPTI- or pgk-RNAI. Consistent with this
result, a significantly greater number of animals carrying these
cells than control animals died as pupae (Fig. 5J). Together,
these results indicated that energy production-related genes are
crucial for the endogenous Eiger-INK-mediated cell death sig-
naling that removes tumorigenic scrib cells from epithelia.

Discussion

Ectopic Expression of Eiger Induces Nonapoptotic Cell Death. In this
paper, we provide genetic evidence that metabolic energy pro-
duction-related molecules are central to the Eiger/TNF-induced
cell death (Fig. 5K). We also provide evidence that this cell death
system is, at least in part, used in endogenous Eiger signaling to
remove tumorigenic mutant cells from epithelia as an intrinsic
tumor suppression system.
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Fig. 5. Energy production-related molecules are required for the endoge-
nous Eiger-JNK-induced cell death signaling that removes tumorigenic scrib
cells. GFP-labeled WT (A, E, and E’), scrib mutant clones (B, F, and F’), or scrib
mutant clones with RNAi constructs against energy production-related
genes (C, D, G, G/, H, and H’) were generated in eye antenna imaginal discs.
E-H show the anti-phospho-JNK antibody staining (magenta) and MARCM
clone (green). E'-H’ show the anti-phospho-JNK antibody staining of E-H.
Arrowheads indicate JNK activation in the clone. A-D show eye discs. E-H
and E'-H’ show antenna discs. Anterior is to the left. (/) RNAi of energy
production-related genes had a survival effect on scrib cells. (J) Pupal le-
thality caused by the clones induced in eye antennal discs. Asterisks in / and J
indicate statistical significance, determined by Student’s t test. *, P < 0.05;
** P < 0.01. Each bar in the graphs of / and J represents the mean + SEM. The
number of independent data points in / and J is indicated as n. (K) Schematic
diagram for the JNK-mediated cell death signaling triggered by Eiger. Eiger-
stimulated signaling is transduced to the JNK pathway through a Wengen/
dTRAF2/dTAB2/dTAK1-mediated signal (9-12, 16-18). The activated JNK
signaling is mediated by the energy metabolism-related pathway as shown
in this paper. The deregulation of mitochondrial energy homeostasis, in-
volving ROS production, was induced downstream of the activated JNK and
energy production. This molecular mechanism is also used by physiological
Eiger signaling to remove tumorigenic scrib cells.

It was recently revealed that at least some nonapoptotic cell
deaths can be categorized as necroptosis, in which cells undergo
nonapoptotic cell death under apoptosis-deficient conditions
when treated with agonistic ligands of death receptors, such as
TNFa, FasL, or TRAIL (33). The Eiger-induced cell death
shares features with necroptosis in that it is triggered by TNF
family proteins, produces ROS, and is caspase-independent.
Furthermore, the Drosophila homolog of a tumor suppressor
protein, Cylindromatosis, one of the essential regulators of
necroptosis (34, 35), has been shown to regulate JNK activation
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in Eiger-induced cell death signaling (16). However, despite the
high conservation of most of the apoptotic machinery, blast
search analysis has not identified Drosophila homologs of re-
ceptor-interacting protein (RIP) 1 or RIP3, the essential kinases
for inducing necroptosis (19, 20, 36-39).

As we showed in Fig. S3, oxidative stress could be induced
downstream of the activated JNK pathway. However, we also
found that the knockdown of energy production-related genes
such as cyt.c-d or GAPDH2 did not suppress the dTAKI- or
Hep“-induced cell death phenotype (Fig. S4). This finding
could be caused by the overexpression of dTAK1- or Hep®A-
induced additional pathways, because we found that dTAK1 or
Hep™ overexpression induced JNK activation much more
strongly than Eiger overexpression (Fig. S5). Because dTAK1
also functions downstream of Imd in the innate immune re-
sponse, Imd-related signaling was another possible mechanism
for mediating Eiger signaling. Therefore, we examined the ge-
netic interaction between Eiger-induced cell death and Imd or
Imd-related genes. However, we did not find any significant
interactions between them (Fig. S6). Therefore, it would be in-
teresting to examine if other proteins can substitute for the
functions of RIP1 or RIP3 in Eiger signaling or if fly TNF signal-
ing uses other mechanisms to induce nonapoptotic cell death.

TNF-Induced Nonapoptotic Cell Death and Energy Production. It has
been reported that TNF-induced nonapoptotic cell death leads
to the RIP3-dependent activation of glycogen phosphorylase,
which is the rate-limiting enzyme in the degradation of glycogen
and therefore, the key molecule for regulating energy production
(39). In this context, ROS can be generated by the production of
excess energy (39). This finding could explain why the down-
regulation of energy production-related genes suppressed Eiger-
induced cell death. However, we also observed that the amount
of ATP in the eye antenna imaginal disc decreased when Eiger
was overexpressed, and this decrease in ATP was cancelled by
the knockdown of bsk, CPTI, pgk, or cyt.c-d (Fig. S7). This
finding suggests that the activation of energy production by Eiger
signaling could also trigger another mechanism that decreases
the tissue ATP level. It is possible that the tissue loses ATP
simply because of the massive cell death caused by Eiger ex-
pression. Alternatively, the work by Temkin et al. (40) reported
that treatment with TNFa and the caspase inhibitor zZVAD not
only induces nonapoptotic cell death with ROS production but
also decreases ATP because of the inhibition of adenine nucle-
otide translocase (ANT) by RIP1. A similar ANT-dependent
inhibition mechanism could be involved in Eiger-induced cell
death. Because neither RIP1 nor RIP3 has yet been identified in
Drosophila, the mechanism by which the total ATP is regulated
in Eiger-induced cell death remains to be elucidated.

Drosophila Model of Intrinsic Tumor Suppression. When scrib or dig
mutant cells are induced as clones in otherwise WT eye imaginal
discs, most of these mutant cells are eliminated by Eiger-JNK-
dependent cell death during development (31, 41). This cell
death could involve a caspase-independent mechanism, because
the elimination of mutant cells is not fully suppressed by the
overexpression of p35 compared with the blockage of JNK sig-
naling (30, 31). Thus, the mode of cell death triggered in scrib
mutant clones is analogous to the mode of cell death triggered
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by the overexpression of Eiger in imaginal discs. Our observa-
tions suggest that the regulation of energy production could be
a crucial determinant of the susceptibility of tumor cells to cy-
totoxic stimuli.

Interestingly, tumor cells frequently produce ATP by glycolysis
in the cytosol rather than in the mitochondria, which is known
as the Warburg effect (42, 43). Because mitochondrial energy
production generates cytotoxic ROS, cancer cells might increase
their resistance to cytotoxic stimuli by reducing mitochondrial
energy production (43). In this sense, mitochondrial energy
production could act as a tumor suppressor. In fact, subunits of a
TCA cycle enzyme, Succinate dehydrogenase (Sdh; SdhB, SdhC,
and SdhD), are reported to be classical tumor suppressors in
pheochromocytoma or paraganglioma (44). Furthermore, a spe-
cific isoform of pyruvate kinase, which is involved in glycolysis, is
necessary for cellular metabolism to shift to aerobic glycolysis
and the promotion of tumorigenesis (45). Similarly, the activity
of pyruvate dehydrogenase (PDH), which links the glycolytic
pathway to the TCA cycle by transforming pyruvate to acetyl-
CoA, is suppressed in cancer cells, whereas the reactivation of
PDH induces cell death in a solid tumor cell line and xenografts
(46). Interestingly, we found that the knockdown of Drosophila
PDH (which is encoded by CG7010) (47) strongly suppressed
Eiger-induced cell death (Fig. 24, g). Furthermore, the down-
regulation of genes involved in glycolysis and the $-oxidation of
fatty acids significantly suppressed the elimination of scrib cells
from imaginal epithelia (Fig. 5). These observations suggest that
the regulation of cellular energy production or even the source of
energy could be critical for controlling the susceptibility of can-
cer cells to cytotoxic stimuli such as TNFa.

Materials and Methods

The deficiency kit flies were obtained from Bloomington Stock Center.
Transgenic flies for RNAi experiments were obtained from the Vienna Dro-
sophila RNAi Center and National Institute of Genetics. The UAS-eiger™99’
allele was described previously (9, 48). The gstD-GFP reporter fly (27, 28) was
used to detect the antioxidant response. Experiments were approved by the
committee on Living Modified Organisms of Keio University, Kobe Univer-
sity, and The University of Tokyo. Additional details are in S/ Materials
and Methods.
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