z
/|
~ |

A balance between the diap1 death inhibitor and
reaper and hid death inducers controls
steroid-triggered cell death in Drosophila
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The steroid hormone ecdysone directs the massive destruction of
obsolete larval tissues during Drosophila metamorphosis, provid-
ing a model system for defining the molecular mechanisms of
steroid-regulated programmed cell death. Although earlier studies
have identified an ecdysone triggered genetic cascade that imme-
diately precedes larval tissue cell death, no death regulatory genes
have been functionally linked to this death response. We show
here that ecdysone-induced expression of the death activator
genes reaper (rpr) and head involution defective (hid) is required
for destruction of the larval midgut and salivary glands during
metamorphosis, with hid playing a primary role in the salivary
glands and rpr and hid acting in a redundant manner in the
midguts. We also identify the Drosophila inhibitor of apoptosis 1
as a survival factor in the larval cell death pathway, delaying death
until its inhibitory effect is overcome by rpr and hid. This study
reveals functional interactions between rpr and hid in Drosophila
cell death responses and provides evidence that the precise timing
of larval tissue cell death during metamorphosis is achieved
through a steroid-triggered shift in the balance between the
Drosophila inhibitor of apoptosis 1 and the rpr and hid death
activators.

steroid hormone | autophagy

mall lipophilic hormones provide a critical signal for direct-

ing the appropriate patterns of programmed cell death
during animal development, acting through members of the
nuclear receptor family of ligand-regulated transcription factors.
In frogs, thyroid hormone signals the destruction of the tadpole
tail and remodeling of the intestine as the animal progresses
from a juvenile to adult form (1-3). Similarly, steroid hormones
regulate mammalian apoptotic pathways, including the glucocor-
ticoid-induced apoptosis of immature thymocytes and mature T
cells (4-6). In Drosophila, the steroid hormone ecdysone acts as
a key signal to trigger the stage-specific destruction of obsolete
larval tissues during metamorphosis. A high titer pulse of
ecdysone at the end of larval development signals puparium
formation and the destruction of the larval midgut as an adult gut
forms around the dying cells (7, 8). A second ecdysone pulse,
~10 h after puparium formation, triggers adult head eversion,
marking the prepupal-to-pupal transition and signaling the rapid
destruction of the larval salivary glands. Destruction of the larval
midguts and salivary glands is accompanied by classic hallmarks
of apoptosis, including acridine orange staining, DNA fragmen-
tation, and caspase activation, although these larval tissues
undergo a distinct form of programmed cell death referred to as
autophagy, characterized by the formation of intracellular au-
tophagic vesicles (9-11). Drosophila larval tissue cell death is
foreshadowed by the coordinate transcriptional induction of two
key death activator genes, reaper (rpr) and head involution
defective (hid) (9). Ecdysone directly induces rpr transcription in
doomed larval salivary glands (12). This effect is augmented by
the ecdysone-induction of three transcription factor-encoding
genes, BR-C (Broad-Complex), E744, and E93, that, in turn, are
required for appropriate 7pr and hid expression and salivary
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gland cell death (12-14) (see Fig. 5). A similar steroid-triggered
regulatory cascade is operative in doomed midgut cells, although
E74 plays no apparent role in this pathway (15).

Functions for rpr and hid are defined by Df(3L)H99, a
chromosomal deficiency that removes these genes along with a
third death activator gene, grim, resulting in a complete block in
embryonic programmed cell death (16-18). The protein prod-
ucts of these genes bind to the Drosophila inhibitor of apoptosis
1 (DIAP1), releasing its complex with caspases and thereby
initiating a proteolytic cascade that culminates in cell death
(19-23). The death activators also down-regulate DIAP1 protein
levels through at least two mechanisms involving a general
suppression of protein synthesis (24, 25) and polyubiquitination
and degradation (24-30). The mammalian death activators
Smac/Diablo and Omi/HtrA2 appear to act in the same manner
as rpr, hid, and grim, inhibiting the action of death repressors,
such as survivin and X-linked TAP (inhibitor of apoptosis),
demonstrating that this pathway has been conserved through
evolution (31-36).

Although the timing of ecdysone-induced rpr and hid expres-
sion correlates with the onset of larval midgut and salivary gland
cell death, no functional studies have linked any death regulatory
genes to the destruction of larval tissues during metamorphosis.
rpr expression appears to accurately foreshadow cell death at
other stages of development and is sufficient to drive pro-
grammed cell death (16, 37); however, hid can be expressed in
cells that are fated to survive, consistent with posttranslational
mechanisms for modifying Hid activity (38, 39). Similarly, no
effects are seen on nurse cell apoptosis in Df(3L)H99 germline
clones despite the observation that rpr, hid, grim, and diap1 are
expressed in doomed nurse cells during Drosophila oogenesis
(40). Recent analysis of a rpr-null mutant revealed no effects on
larval midgut or salivary gland cell death, although significant
defects were observed in the central nervous system, raising the
possibility that rpr plays no role in larval tissue destruction (41).
A possible independent or combinatorial role for hid in these
pathways has been difficult to ascertain because the available
genetic tools, Df(3L)H99 and hid-null mutations, lead to early
lethality (16, 18, 42). Moreover, the embryonic lethality of diap1
mutants has prevented an understanding of its possible roles
during metamorphosis (19-21).

In this study, we exploit heat-inducible RNA interference
(RNAI) as a means of disrupting gene function at later stages of
development (43). We show that hid is required for larval
salivary gland cell death and demonstrate that rpr and hid act
together in a redundant manner to direct efficient destruction of
the larval midguts and salivary glands. diap! is required to block
premature programmed cell death during larval development. In

Abbreviations: rpr, reaper; hid, head involution defective; dsRNA, double-stranded RNA;
RNAI, RNA interference; APF, after puparium formation; PBST, PBS plus 0.1% Tween 20;
BR-C, Broad-Complex; DIAP1, Drosophila inhibitor of apoptosis 1.
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contrast, diap2, which is expressed immediately preceding sali-
vary gland cell death, appears to play no independent role in
these pathways (9, 44). This study provides a functional link
between the genetic hierarchy that leads to rpr and hid induction
and the destruction of larval tissues during Drosophila meta-
morphosis. This work also suggests that the integration and
modulation of death activator and death repressor levels is vital
for determining the proper timing of larval tissue cell death.

Materials and Methods

Supporting Information. Additional methods and details on the P
element transformants for RNAi can be found as Supporting
Materials and Methods and Fig. 6, which are published as
supporting information on the PNAS web site.

Developmental Staging and Induction of Double-Stranded RNA
(dsRNA) Expression. Third-instar larvae were staged by rearing on
food containing 0.05% bromophenol blue (45). For larval mid-
gut investigations, light-blue-gut, third-instar larvae were trans-
ferred to a 1.5-ml microcentrifuge tube plugged with cotton and
subjected to a 30-min heat treatment in a 37.5°C water bath at
8 and 4 h before puparium formation; RNA was isolated from
dissected larval midguts at 0 or 3 h after puparium formation
(APF) for Northern blot hybridization. For salivary gland stud-
ies, control and hs-hid-RNAi-30 prepupae were transferred to a
1.5-ml microcentrifuge tube and subjected to a sequential 30-min
heat treatment in a 37.5°C water bath at 4 and 8 h APF. Salivary
glands were dissected at the onset of head eversion, or 2 h later,
for Northern blot hybridization. To study effects on salivary
gland cell death, prepupae were subjected to the same heat-
shock regime and salivary glands were dissected at 8 h after head
eversion or analyzed by GFP fluorescence (with 34B-GAL4 and
UAS-GFP) 12 h after head aversion. For induction of diapl or
diap2 dsRNA expression, dark-blue-gut, mid-third-instar larvae
were transferred to a 1.5-ml microcentrifuge tube plugged with
cotton, subjected to a 30-min heat treatment at 37.5°C in a water
bath, and allowed to recover for 2 or 4 h at 25°C before total
RNA was isolated for Northern blot hybridization. An identical
heat treatment followed by 6 h of recovery at 25°C was used to
study the phenotypes resulting from diapl or diap2 dsRNA
expression. hs-diap2-RNAi-35 animals were also subjected to a
30-min 37.5°C heat treatment at either 3-5 h after egg lay or
36—48 h after egg lay to test for effects on viability.

Immunohistochemistry. Dark-blue-gut, w/’/® control and hs-diap1-
RNAi-11, third-instar larvae were subjected to a 30-min 37.5°C heat
treatment. These animals were allowed to recover at 25°C for 6 h;
they were then dissected and fixed with 4% formaldehyde, 1X
PBST (PBS plus 0.1% Tween 20), and three volumes of heptane for
30 min at room temperature. Samples were washed four times in 1X
PBST and blocked in 1X PBST/4% normal goat serum (NGS) for
2 h at room temperature. The samples were stained with antibodies
directed against either DIAP1 (a generous gift from B. Hay,
California Institute of Technology, Pasadena) at 1:400 dilution or
against active caspase-3 (Cell Signaling Technology, Beverly, MA)
at 1:1,000 in 1X PBST/4% NGS overnight at 4°C. Samples were
washed four times in 1X PBST and stained with either Cy3 donkey
anti-mouse secondary antibody (The Jackson Laboratory) for
DIAP1 or Cy3 donkey anti-rabbit secondary antibody (The Jackson
Laboratory) for active caspase-3, at 1:400 in 1X PBST/4% NGS for
2 h at room temperature. Samples were mounted in VECTAShield
(Vector Laboratories) and images were captured as a Z-series by
using a Bio-Rad 1024 confocal laser scanning microscope.

Results

hid Function Is Required for Efficient Larval Salivary Gland Cell Death.
Transgenic flies were generated that carry the heat-inducible
hsp70 (heat-shock protein 70) promoter upstream from a tan-
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Fig. 1. Expression of hid dsRNA results in persistent larval salivary glands. (A)
Control w78 and hs-hid-RNAI-30 prepupae were subjected to two sequential
heat treatments at 4 and 8 h APF. Animals were allowed to recover until head
eversion, ~12 and 14 h APF, after which RNA was extracted from salivary
glands for Northern blot hybridization. Hybridization to detect rp49 was used
as a control for loading and transfer. (B and C) Control w; 34B-GAL4/+;
UAS-GFP/+ (B) and w; 34B-GAL4/+; UAS-GFP/hs-hid-RNAI-30 (C) prepupae
were subjected to the same heat-treatmentregimen and scored at 24 h APF for
GFP expression in the larval salivary glands. Although programmed cell death
of control salivary glands is complete at this stage with only minimal residual
fluorescence (B), salivary glands remain intact after expression of hid dsRNA (C).

control

dem inverted repeat of hid coding sequences. Several indepen-
dent lines were established, one of which, As-hid-RNAi-30, was
used for studies of hid function. As an initial test of the efficiency
of RNAI, we examined the levels of endogenous #id mRNA and
cuticle preparations from embryos expressing sid dsSRNA (Fig.
6). Whereas hid mRNA is readily detectable in heat-treated
control embryos, this level is significantly reduced upon expres-
sion of hid dsRNA (Fig. 6). Consistent with this reduced level of
hid expression, we see head involution defects in these embryos
that phenocopy a hid-null mutant (42). The penetrance of head
defects in the null mutant (70%, n = 154), however, is higher
than that seen with RNAi (45%, n = 96). These observations
indicate that the expression of hid dsRNA results in a strong
loss-of-function Aid mutant phenotype.

To determine a possible role for fid in larval salivary gland cell
death, control w//’8 and hs-hid-RNAi-30 transformants were
subjected to sequential 30-min heat treatments at 4 and 8 h APF.
RNA was isolated from salivary glands of animals either at head
eversion or 2 h later, =12 or 14 h APF, and analyzed by Northern
blot hybridization. As expected, the levels of endogenous hid
mRNA are greatly reduced upon expression of 4id dsRNA (Fig.
1A4). To determine the functional consequences of this reduction
in hid expression, we scored for persistent larval salivary glands
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by either dissection or direct visualization of salivary glands by
using the salivary gland-specific 34B-GAL4 driver in combina-
tion with a UAS-GFP reporter. Only residual GFP is detected in
control 34B-GAL4, UAS-GFP pupae at 24 h APF, consistent
with the normal completion of salivary gland cell death (Fig. 1B),
whereas persistent larval salivary glands are present in pupae
that express hid dsRNA (Fig. 1C). Dissection of heat-treated
hs-hid-RNAi-30 pupae at 8 h after head eversion (=20 h APF)
revealed that 27% (n = 37) had persistent glands, compared with
0% (n = 31) in controls. A similar result was observed by scoring
for GFP expression (25%, n = 28). We conclude that a severe
reduction in &id expression results in a partial block in larval
salivary gland cell death.

Consistent with an earlier study (41), Df(3L)XR38/Df(3L)H99
mutant animals that lack 7pr but have normal Aid function display
essentially normal salivary gland cell death, with only 4.2% (n =
24) displaying persistent larval salivary glands at 20 h APF (8 h
after head eversion). Expression of sid dsRNA in this genetic
background, however, increased this number to 65% (n = 23),
significantly higher than that seen with hid RNAI alone. This
result cannot be attributed to the reduced dose of hid in the
Df(3L)XR38/Df(3L)H99 mutant background, because heat-
treated Df(3L)H99, hs-hid-RNAi-30/+ pupae displayed a 24%
frequency of persistent salivary glands at 20 h APF (n = 17),
similar to the result obtained with hid RNAIi alone. Taken
together, these observations indicate that rpr and hid act together
to drive efficient larval salivary gland cell death during the onset
of metamorphosis.

rpr and hid Function in a Redundant Manner to Activate Cell Death in
Larval Midguts. To reduce the level of hid expression in larval
midguts, control w///8 and hs-hid-RNAi-30 transformants were
subjected to two sequential 30-min heat treatments at 8 and 4 h
before puparium formation. RNA was isolated from larval
midguts at 0 and 3 h APF, the times when /id is normally induced
in this tissue (9). Northern blot hybridization confirmed that the
levels of endogenous sid mRNA are significantly reduced under
these conditions (Fig. 24). Dissection of these animals at 3 h
APF revealed that neither reducing hid function with hs-hid-
RNAI-30 (4.4%, n = 45) nor the removal of rpr function with the
Df(3L)XR38/Df(3L)H99 chromosomal deficiencies (0%, n =
20) had a significant effect on larval midgut cell death (Fig. 2,
compare E and F with D). In contrast, 80% (n = 20) of
heat-treated Df(3L)XR38/Df(3L)H99, hs-hid-RNAi-30 animals,
which lack rpr activity and have reduced hid function, display
persistent larval midguts (Fig. 2G). These larval midguts have
failed to contract by 3 h APF and retain their gastric caeca (Fig.
2G, arrow), similar to the midguts of control mid-third-instar
larvae (Fig. 2B). Midgut contraction normally begins at pupa-
rium formation (Fig. 2C), coinciding with the onset of cell death,
and is complete by 3 h APF, when the gastric caeca are no longer
present and the midgut is highly contracted (Fig. 2D) (9). These
observations indicate that rpr and hid are functionally redundant
in this tissue, acting in a cooperative manner to direct larval
midgut cell death.

diap1 Is Required for Third-Instar Larval Viability. diap! is highly
expressed in late third-instar larvae and significantly reduced at
6 h APF, with low constant levels of expression in both the larval
midgut and salivary glands throughout the onset of metamor-
phosis (data not shown). To address possible roles for this death
repressor in preventing premature larval tissue cell death, we
reduced diap1 expression during larval development by inducible
RNAI. Transgenic flies were established that carry the Asp70
promoter upstream from a tandem inverted repeat of diapl
coding sequences; one line, hs-diapl-RNAi-11, was selected for
studies of diapI function. Heat-induced diap/ dsRNA expression
in mid-third-instar larvae (=18 h before puparium formation)

8024 | www.pnas.org/cgi/doi/10.1073/pnas.0402647101

A Midguts
Hours after puparium formation
2 3 2 3
hid
- - o rp49
control hid RNAi
C D

%
control

=18 hrs 0 hrs

3 hrs

hid RNAi rpr-/-, hid RNAi

rpr-/-

Fig. 2.  Expression of hid dsRNA in a rpr-null mutant background leads to
persistent larval midguts. (A) Control w'’’8 and hs-hid-RNAI-30 third-instar
larvae were subjected to two sequential heat treatments at 8 and 4 h before
puparium formation, and RNA was isolated from larval midguts dissected at
either 0 or 3 h APF for Northern blot hybridization. Hybridization to detect
rp49 was used as a control for loading and transfer (B-G). Larval midguts were
dissected from a control w’’’8 mid-third-instar larva (B), newly formed pre-
pupa (C), or 3 h APF (D) to depict the normal time course of cell death.
Shortened gastric caeca (arrows) are evident at puparium formation, along
with an overall contraction in the length of the midgut (C). This contraction is
complete by 3 h APF, and gastric caeca are no longer present (D). Neither
expression of hid dsRNA (E) nor a rpr-null mutation (F) has an effect on larval
midgut cell death when examined at 3 h APF, whereas expression of hid dsRNA
in a rpr-null mutant background leads to an efficient block in the destruction
of this tissue (G).

led to a significant reduction in the levels of endogenous diap!
transcripts (Fig. 34). Some larvae stopped moving as early as 2 h
after heat treatment, with necrotic patches often appearing in
their larval tissues. By 6 h, most larvae exhibited visible signs of
death (76%, n = 100), from relatively restricted death of larval
tissues (Fig. 3 C and D) to widespread necrosis (Fig. 3E),
compared with heat-treated, control third-instar larvae (Fig.
3B). Although the remaining animals formed morphologically
normal prepupae, they all underwent massive death before head
eversion, leaving only an empty pupal case.

diap11s Required to Suppress Premature Destruction of Larval Tissues.
To determine the consequences of reducing diapl function on
larval tissue cell death, hs-diapl-RNAi-11 third-instar larvae
were heat-treated at ~18 h before puparium formation and
dissected 6 h later. As expected, the levels of DIAP1 protein are
significantly reduced under these conditions (Fig. 4, compare D
and J with 4 and G). This observation is consistent with the
reduced levels of diap] mRNA under these conditions (Fig. 34)
and the short half-life of DIAP1 protein (24). The larval midguts
and salivary glands of heat-treated hs-diapl-RNAi-11 larvae
resemble those undergoing cell death. The larval midgut is
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Fig. 3. Expression of diap? dsRNA leads to larval lethality. (A) Control w78
and hs-diap1-RNAI-11 mid-third-instar larvae were heat treated, and total
RNA was isolated 2 or 4 h later for Northern blot analysis. Six hours after heat
treatment, control larvae (B) exhibited no signs of premature cell death,
whereas larvae expressing diap? dsRNA display patches of death in larval
tissues (C and D) or overall necrosis (E). Control and hs-diap2-RNAi-35 mid-
third-instar larvae were subjected to the same heat-treatment regimen as
hs-diap1-RNAi-11 animals, and total RNA was isolated 2 or 4 h later for
Northern blot analysis. Expression of diap2 dsRNA leads to reduced levels of
endogenous diap2 mRNA (F).

contracted with a significantly reduced proventriculus and gas-
tric caeca and an overall degraded morphology (Fig. 4E), similar
to that normally seen 2 h APF (9) and contrasting dramatically
with the healthy morphology of heat-treated control larval
midguts (Fig. 4B). Similarly, the larval salivary glands of heat
treated hs-diap1-RNAi-11 larvae are severely degraded (Fig. 4K),
resembling the morphology of wild-type glands dissected from
14.5-h pupae (9). In contrast, salivary glands dissected from
heat-treated control larvae display a tight cellular structure and
apparent lumen in the center of the gland (Fig. 4H). Consistent
with these morphological indications of premature cell death,
those tissues that lack diapI function are selectively stained with
an antibody directed against active caspase-3, which detects the
Drosophila DrICE effector caspase, indicating they are under-
going cell death (Fig. 4, compare F and L with C and I) (46).
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Fig. 4. Expression of diap7 dsRNA leads to premature larval midgut and
salivary gland cell death. Control w8 and hs-diap 1-RNAi-11 mid-third-instar
larvae were subjected to heat treatment and allowed to recover for 6 h. Larval
midguts and salivary glands were then dissected from these animals and
examined by light microscopy (B, E, H, and K), immunostaining to detect DIAP1
(A, D, G, and J), or immunostaining to detect active caspase-3 (C, F, /, and L).
Physical signs of cell death (£ and K) and caspase activation (F and L) are only
seen when DIAP1 levels are reduced by RNAi (D and J).

diap2 Has No Apparent Independent Role in the Regulation of Cell
Death. Previous studies have shown that a brief burst of diap2
transcription precedes rpr and hid induction in doomed larval
salivary glands (9), with expression that parallels that of diap1
throughout late larval and prepupal stages (data not shown). To
determine whether diap2 contributes to the regulation of larval
tissue cell death, we used inducible RNAi to inhibit diap2
function during the onset of metamorphosis. Transgenic flies
were established that carry the Asp70 promoter upstream from
a tandem inverted repeat of diap2 coding sequences, and one
line, hs-diap2-RNAi-35, was selected for studies of diap2 func-
tion. Heat-induced diap2 dsSRNA expression in mid-third-instar
larvae led to a significant reduction in the levels of endogenous
diap2 transcripts (Fig. 3F). To test for a role for diap2 in
preventing premature larval salivary gland cell death, we heat-
treated hs-diap2-RNAi-35 animals at 4 and 8 h APF and dis-
sected salivary glands at 10 and 12 h APF. All salivary glands
examined died on time (n = 15 animals), and all hs-diap2-
RNAI-35 animals exposed to this sequential heat treatment
survived to adulthood (n = 50). No effects on viability were seen
in heat-treated hs-diap2-RNAi-35 embryos or first- and second-
instar larvae (data not shown). In addition, a heat-shock regime
identical to that used to inactivate diapI during third-instar larval
development (Fig. 3C-E) resulted in no effects on hs-diap2-
RNAi-35 animals. These observations suggest that diap2 has no
significant independent role in the regulation of Drosophila
programmed cell death.

Discussion

rpr and hid Cooperate to Destroy Larval Tissues During Metamorpho-
sis. Our understanding of the functional interactions between rpr,
hid, and grim has been hampered by a paucity of genetic tools in
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this region. Extensive screens for lethal mutations within the
Df(3L)H99 interval resulted in the recovery of only hid alleles,
suggesting that the three death activators might functionally
compensate for one another and indicating that more directed
efforts would be required to recover rpr and grim mutations (16,
18, 42). Reversion of a P element 225 kb proximal to rpr resulted
in the Df(3L)XR38 deficiency. This deletion, in combination with
Df(3L)H99, leads to the selective elimination of rpr, although it
remains a possibility that other unidentified modifiers of the
death response could be affected by these deletions (41). Inter-
estingly, these rpr-null mutants develop into morphologically
normal adults with a highly enlarged central nervous system,
indicating a relatively restricted requirement for rpr during
development (41). Characterization of hid mutants and
Df(3L)X25 mutants, which lack grim and hid, have implied
functional interactions between the death activators for embry-
onic head morphogenesis and programmed cell death of neurons
that express crustacean cardioactive peptide (47, 48). This model
is further supported by a gain-of-function study showing that
targeted expression of both rpr and Aid is required for the death
of midline cells in the embryonic nervous system, suggesting that
these genes act in a cooperative and dose-dependent manner in
this cell type (49). A loss-of-function analysis to support this
model, however, has not been possible because of the difficulty
of recombining hid alleles onto the Df(3L)XR3S rpr mutant
chromosome. Here, we used inducible RNAi to selectively
inactivate hid function, both in the presence and absence of rpr,
and showed that these genes act together in a combinatorial
manner to drive the death of larval tissues during metamorpho-
sis. This study provides the first direct genetic evidence that rpr
and hid are functionally redundant for programmed cell death;
it also supports the results of Peterson et al. (41) regarding the
absence of larval tissue cell death in rpr mutants and indicates
that this response requires the simultaneous induction of hid.
The cooperativity and dose-dependency of death activator func-
tion is consistent with the ability of either rpr or hid to drive
programmed cell death in the adult eye (16-18, 44) and their
interchangeable role in inactivating the diapl death inhibitor
both in vivo and in vitro (19-21).

We find that 27% of hid RNAi animals display persistent
larval salivary glands, in contrast to the almost complete absence
of this phenotype in rpr-null mutants. This observation supports
the earlier proposal that, at least in some cells, hid is a more
potent activator of programmed cell death than rpr (18, 41). Our
results are also consistent with the observation that £744 mutant
salivary glands, which display an almost complete absence of hid
transcription but normal levels of rpr, fail to die in ~20% of the
pupae examined 24 h APF (12). Similarly, BR-C mutant salivary
glands fail to express both rpr and hid and display highly
penetrant persistent larval salivary glands (12, 50, 51).

In contrast to our results in larval salivary glands, larval
midgut cell death occurs essentially normally in the presence of
hid dsRNA. Both hid RNAi and the rpr-null mutation are
required to see penetrant death defects in this tissue, indicative
of complete functional redundancy. This observation supports
the proposal that the ecdysone-induced death program in the
larval midgut has differences from that activated by the hormone
in doomed salivary glands (15).

diap1Acts as a Survival Factor to Prevent Premature Cell Death During
Postembryonic Development. With the exception of Drosophila
adult eye development, functions for IAP death inhibitors at
later stages of development have been undefined. Our studies
indicate an essential role for diapl in holding back the death
response during postembryonic development, restricting it to the
appropriate space and time. We propose that the reduced levels
of diapl expression seen in larval tissues during the early stages
of metamorphosis prime the system for their destruction. The
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appropriate spatial and temporal patterns of ecdysone-induced
rpr and hid expression then tip the balance in these cells,
signaling their elimination.

It is interesting to note that visible necrotic patches appear
rapidly in third-instar larvae that express diapl dsRNA (Fig.
3C-E). The distinction between apoptosis and necrosis was
established in early studies of dying cells, based on morphology,
arguing that the two pathways are distinct and involve different
regulatory factors (52). More recent studies, however, have
uncovered common features shared by these death responses
(53, 54). For example, studies of neutrophil cell death showed
that X-linked IAP is a target of calpain, a key component of the
necrotic pathway (55), and that calpain inhibitors not only
protect against necrosis in some neuronal cells but also inhibit
apoptosis (56). Future studies should provide a better under-
standing of how IAPs may function at the intersection between
necrotic and programmed cell death responses.

Earlier work showed that diap2 is expressed in a brief burst,
immediately before the induction of rpr and hid in doomed larval
salivary glands, suggesting that it may contribute to the regula-
tion of cell death in this tissue (9). The studies of diap2 RNAI
presented here, however, do not support this model. This
conclusion is consistent with a complementary study, in which
premature ectopic overexpression of diap2 was shown to have no
effect on larval salivary gland cell death (10). Thus, although
diap2 was originally identified by its ability to block rpr- or
hid-induced programmed cell death in the adult eye, its ability to
exert this function must be cell-type specific (44). Rather, we
propose that diap1 acts as the primary inhibitor of cell death in
larval salivary glands. It is possible that diap2 could contribute
to biological pathways other than programmed cell death. For
example, RNAI studies of survivin function have uncovered a
role in cell cycle regulation (57). The characterization of specific
diap2 mutations should provide a better understanding of its
functions during Drosophila development.

A Steroid-Triggered Regulatory Cascade Directs the Stage-Specific
Destruction of Larval Tissues During Metamorphosis. The steroid-
triggered destruction of larval tissues during Drosophila meta-

ecdysone

E93-> BR-C E74A

2%,

reaper hid

salivary gland cell death

Fig. 5. A model for the steroid regulation of salivary gland cell death.
Ecdysone functions through the heterodimeric ecdysone receptor (EcR)/
Ultraspiracle (USP) receptor to directly induce primary response transcription
factors, E93, BR-C, and E74A, which are required for proper rpr and hid
induction. Ecdysone can also regulate rpr directly through an ecdysone re-
sponse elementin its promoter. reaperand hid act together in a combinatorial
manner to overcome the inhibitory effect of DIAP1, triggering salivary gland
cell death.
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morphosis provides one of the best systems for understanding
the temporal and spatial control of programmed cell death.
Several transcription factors that are induced directly by ecdy-
sone have been linked to the regulation of key death genes in
these tissues, defining a genetic pathway for the control of
programmed cell death (12, 14, 15). This cascade has been most
extensively characterized in the larval salivary gland, in which
numerous death regulators are induced just before the destruc-
tion of this tissue (58, 59). What has been missing from these
studies, however, is a functional link between the death regula-
tors and the destruction of larval tissues during metamorphosis.
Indeed, the recent report that rpr-null mutants have no effect on
larval midgut and salivary gland cell death raised the possibility
that an alternate pathway might be operative, as appears to be
the case in nurse cell apoptosis (40, 41). The results presented
here complete the pathway, showing that ecdysone-induced rpr
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and hid expression, mediated by EcR (ecdysone receptor), E93,
BR-C, and E74A, is required for the stage-specific destruction of
the larval midgut and salivary glands (Fig. 5). Moreover, this
study shows that diapl is required to hold back the death
response, adding a new critical player to the pathway. Further
studies of Drosophila metamorphosis should provide a better
understanding of the regulation of programmed cell death
during development as well as a model system for understanding
how steroid hormones control apoptotic responses in vertebrate
organisms.
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