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Genetic studies indicated that the Drosophila melanogaster protein REAPER (RPR) con- 
trols apoptosis during embryo development. lnduction of RPR expression in Drosophila 
Schneider cells rapidly stimulated apoptosis. RPR-mediated apoptosis was blocked by 
N-benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone (Z-VAD-fmk), which suggests that 
an interleukin-lp converting enzyme (ICE)-like protease is required for RPR function. 
RPR-induced apoptosis was associated with increased ceramide production that was 
also blocked by Z-VAD-fmk, which suggests that ceramidegeneration requiresan ICE-like 
protease as well. Thus, the intracellular RPR protein uses cell death signaling pathways 
similar to those used by the vertebrate transmembrane receptors Fas (CD95) and tumor 
necrosis factor receptor type 1. 

I n  genetic screens for abnormal cell death - 
patterns in Drosophila embryos homozygous 
for specific chromosomal deletions, two 
genes, reaper (rgr) and head involution defec- 
tive, have been identified that are involved 
in the control of apoptosis (programmed cell 
death) (1, 2). In situ analysis and ectopic 
expression of rpr have demonstrated that the 
65-amino acid RPR protein plays an impor- 
tant role in the induction of apop- 
tosis in the developing Drosophila embryo 
(2). The mechanism by which RPR induces 
a ~ o ~ t o s i s  is unknown. Genetic analvsis of 
~aeiorhabditis elegans has implicatLd the 
cysteine protease CED-3 in programmed 
cell death, and mammalian homologs of 
CED-3 have recently been implicated in 
apoptosis induced by Fas ligand and tumor 
necrosis factor a (TNF-a) (3). This grow- 
ing family of mammalian Asp-directed 
cysteine proteases includes ICE, ICHlI 
NEDD2, ICH2/TX, CPP32/YAMA/ap- 
opain, and MCH2 (4-9). The involvement 
of these proteases in mammalian cell death 
has been established by the use of inhibitors 
such as the cowpox virus CrmA protein and 
certain peptide methyl ketones and peptide 
aldehydes that irreversibly bind to the ac- 
tive-site cysteine of the protease (5, 10-1 2). 
Another enzyme that has been implicated in 
cell death bv biochemical studies of mamma- 
lian apoptosis is sphingomyelinase, which 
hydrolyzes sphingomyelin to form phospho- 
choline and ceramide (1 3). Ceramide func- 
tions as a second messenger in the induction 
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of apoptosis by TNF-a, Fas ligand, and ion- 
izing radiation (14). RPR has some homolo- 
gy to the death domains of Fas and TNF 
receptor type 1 (TNFR-1) (15), which raises 
the possibility that these proteins share com- 
mon signaling mechanisms. To study wheth- 
er RPR, a small intracellular protein, uses 
cellular components similar to those used by 
the transmembrane receptors for Fas ligand 
and TNF-a, we established cell lines in 
which we could induce RPR expression and 
RPR-mediated cell death. 

We stably transfected Schneider cells 
(S2) with a construct containing RPR com- 
plementary DNA (cDNA) under the con- 
trol of a Drosophila metallothionein promot- 
er (1 6). Treatment of metallothionein-RPR 
(Mt-RPR) cell lines with 0.5 mM CuS04 
resulted in rapid induction of rgr mRNA 
and RPR protein (17) (Fig. 1). Small 
amounts of rpr message were detected as 
early as 20 min after the addition of CuS04. 
RPR protein was detected 60 min after the 
addition of CuS04; however, we could de- 
tect small amounts of RPR protein as early 
as 30 min after CuS04 addition by analyz- 
ing RPR immunoprecipitates. RPR expres- 
sion was rapidly followed by the appearance 
of apoptotic cells, as judged by extensive 
membrane blebbing, shrinkage of cell body 
and nucleus, and Hoechst 33258 staining 
(1 8). After 90 min of CuS04 treatment, 50 
to 60% of the cells showed extensive mem- 
brane blebbing, and this increased to 
>90% after 18 hours of treatment with 
CuS04. Vector control cells and parental 
cells did not respond to CuS04. Immun- 
ofluoresence staining showed that RPR 
was mainly cytosolic and appeared to be 
excluded from the nucleus (Fig. 2A) (1 9). 
The asynchronicity in the expression of 
RPR may be due to a difference in re- 
sponse to CuS04 during different stages of 
the cell cycle and could in part explain the 

somewhat heterogeneous death response. 
We next tested whether RPR induces apo- 

ptosis through activation of proteases. In 
mammalian cells granzymes (20), ICE-like 
proteases (3), cathepsins (21 ), and calpain 
(22) all have been implicated in apo- 
ptosis. We assessed the effect of different pro- 
tease inhibitor peptides on RPR-induced apo- 
ptosis by first incubating Mt-RPR cells with 
50 pM concentrations of the following pep- 
tides: N-benzyloxycarbonyl-Val-Ala-Asp-flu- 
oromethylketone (2-VAD-fmk) (an ICE-like 
protease inhibitor), Z-Phe-Ala-fmk (Z-FA- 
fmk, a cathepsin B inhibitor), Z-Ala-Ala- 
Asp-chloromethylketone (Z-AAD-cmk, a 
granzyme B inhibitor), or N-acetyl-Leu-Leu- 
norleucinal (ALLN, a calpain-cathepsin in- 
hibitor) (16, 23, 24). The sequences of these 
peptides were based on substrate cleavage 
sites; for instance, VAD is the ICE recogni- 
tion and cleavage site in progenitor interleu- 
kin-lp, and peptides based on this sequence 
inhibit partially purified ICE- and Fas-medi- 
ated apoptosis (12, 24). Cells were incubated 
with each peptide for 90 min and treated with 
0.5 mM CuS04 for 2 hours; we then scored 
the number of apoptotic cells by counting the 
percentage of cells showing membrane bleb- 
bing. The ICE-like protease inhibitor 
2-VAD-fmk completely blocked RPR-in- 
duced apoptosis, as confirmed by Hoechst 
33258 staining (Fig. 2B). 2-VAD-fmk had no 

rector R 

Fig. 1. lnduction of RPR in response to CuSO, 
treatment. (A) Northern blot analysis of the induc- 
tion of rpr mRNA in response to 0.5 mM CuSO, 
treatment of vector control, or two S2 cell lines 
stably transfected with the metallothionein-RPR 
constructs Mt-RPRl and Mt-RPR2. (B) Protein 
immunoblot analysis of RPR protein expression 
after CuSO, treatment. Cells were treated as in 
(A). The bands in the upper portion of the gel are 
also stained with the preimmune serum, whereas 
RPR is not recognized by this control serum (18). 
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effect on cell morphology, growth rate, or the 
induction of RPR protein expression. Other 
inhibitors tested either did not block the ef- 
fect of RPR or, as in the case of Z-FA-fmk, 
augmented the effect of RPR expression on 
cell death. Thus, an ICE-like protease is re- 
quired for RPR function. 

Both TNF-a- and Fas ligand-induced 
apoptosis are associated with increased 
amounts of ceramide (14). We therefore 
tested whether RPR-induced cell death was 

. accompanied by an increase in ceramide. 
Mt-RPR1 cells and control cells were treat- 
ed with CuS04 for the indicated times; 
lipids were subsequently extracted and cer- 
amide amounts were determined (25). 
There was a substantial increase in cera- 
mide in response to CuS04 treatment in 
the Mt-RPR1 cells but not in control cells 

cuso4: - + - + - + 
Inhibitor. - Z - v m m k  I - ~ ~ m k  

Fig. 2. Induction of RPR expression results in 
apoptosis. (A) Detection of RPR by immunoflu- 
oresence in Mt-RPRl cells. Mt-RPRl cells were 
treated for 90 min with CuSO,. After fixation, the 
cells were stained with affinity-purified RPR pep- 
tide antibodies and antibody to rabbit IgG-FITC. 
The strongly positive cells show plasma mem- 
brane blebbing, which is typical for apoptotic 
cells. Vector control cells treated with CuSO, did 
not stain with the RPR antiserum, nor was the 
same staining pattern obse~ed  when preirnmune 
serum was used (18). (B) RPR-induced apoptosis 
is blocked by inhibition of an ICE-like protease. 
Mt-RPR1 cells were not treated or were treated 
for 90 min with 50 pM Z-VAD-fmk (an ICE-like 
protease inhibitor) or 50 pM Z-FA-fmk (a cathep- 
sin B inhibitor). Subsequently, CuSO, was added 
to a final concentration of 0.5 mM. The percent of 
apoptotic cells was determined after 120 min of 
CuSO, treatment by examination of at least 200 
cells (n = 3). 

(Fig. 3A). Similar results were obtained 
with Mt-RPR2 and the Mt-RPR transfec- 
tion pool (18). The increase in ceramide 
occurred shortly after the induction of RPR 
expression, as detected by immunoblotting 
of RPR immunoprecipitates (see insert, Fig. 
3A). Increased ceramide was detected at 
the same time that changes in cell morphol- 
ogy were observed, which suggests that 
ceramide may be involved in transducing 
part of the death signal. We next exam- 
ined the effect of Z-VAD-fmk and Z-FA- 
fmk on ceramide in RPR-expressing cells. 
Z-VAD-fmk completely blocked the in- 

CuSO, treatment (min) 
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Fig. 3. RPR-induced apoptosis is associated with 
increased ceramide amounts. (A) Ceramide 
amounts increase shortly after the appearance of 
RPR. S2 cells (squares) and vector control cells 
(diamonds) were treated with 0.5 mM CuSO, for 0, 
80, and 120 min, after which lipids were extracted 
as described (25). Mt-RPR1 cells (circles) were 
treated with CuSO, for the indicated times, after 
which the cells were harvested. Lipid extracts were 
obtained from four-fifths of the cells. The lipid ex- 
tracts were used to determine ceramide amounts 
relative to the amount of total cellular phospholipid 
(25). The remainder of the samples were lysed so 
that the amount of RPR expression could be deter- 
mined by immunoblotting of RPR immunoprecipi- 
tates. The insert shows the RPR amounts in Mt- 
RPR1 cells treated with CuSO, for the indicated 
times. (B) RPR-induced increases in cerarnide are 
blocked in the presence of Z-VAD-frnk. Mt-RPR 
cells were not treated or were treated with 0.5 mM 
CuSO, in the absence or presence of 50 p,M Z- 
VAD-fmk or 50 pM Z-FA-fmk. Cells were harvested 
and cerarnide amounts were determined as de- 
scribed above (n = 2). 

crease in ceramide. In contrast, Z-FA-fmk 
augmented the RPR-induced increase in 
ceramide (Fig. 3B). These results indicate 
that the generation of ceramide requires 
one or more functional ICE-like proteases 
and is therefore a relatively late event in 
RPR-induced apoptosis. Our data do not 
indicate whether ceramide is a signaling 
molecule in RPR-induced apoptosis or is 
formed as a result of apoptosis. 

In mammalian cells, exogenous cera- 
mide induces apoptosis that is indistin- 
guishable from that induced by TNF-a. To  
test whether ceramide could mimic RPR- 
induced cell death, we treated S2 cells 
with a mixture of 50 p.M C2-ceramide and 
50 p.M C6-ceramide (25). Treatment with 
these ceramides resulted in the death of 
50% of the cells after 16 hours, as detected 
by trypan blue staining. Ceramide-induced 
cell death was not inhibited by the Z- 
VAD-fmk peptide, which indicates that 
exogenous ceramide does not act through 
the Z-VAD-fmk-sensitive ICE-like pro- 
tease (1 8). However, cell deaths induced 
by RPR and ceramide were not equivalent. 
Ceramide-induced cell death did not in- 
volve shrinkage of the cells and plasma 
membrane blebbing, which suggests that 
ceramide may account for only part of the 
death signal. Alternatively, the ceramides 
we used are different from the endogenous 
ceramide induced by RPR and may have 
different biological effects. Finally, we 
cannot rule out the possibility that cera- 
mide production is a consequence rather 
than a cause of apoptosis. In analogy with 
TNFR-1 and Fas, RPR-induced generation 
of ceramide is most likely the result of 
activation of a sphingomyelinase. Howev- 
er, RPR-induced de novo synthesis of cera- 
mide, as has been reported during daunoru- 
bicin-induced apoptosis, is also possible 
(26). 

We have shown here that RPR-induced 
apoptosis and increases in ceramide both 
require a functional ICE-like protease. The 
cytotoxic signals of both TNFR-1 and Fas 
can be blocked by ICE-like protease inhib- 
itors as well ( 1  1, 12). Our data suggest that 
the production of ceramide upon activation 
of these receptors may also depend on ICE- 
like proteases. Our findings also imply that 
even though RPR is a small intracellular - 
molecule, it plays a ~roximal role in acti- 
vating the biochemical processes culminat- 
ing in apoptosis, and our findings indicate a 
high degree of conservation of these path- 
ways among species and among various ini- 
tiators of apoptosis. 
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Stimulation of Membrane Ruffling and MAP 
Kinase Activation by Distinct Effectors of RAS 

Tom Joneson, Michael A. White, Michael H. Wigler, 
Dafna Bar-Sagi* 

The RAS guanine nucleotide binding proteins activate multiple signaling events that 
regulate cell growth and differentiation. In quiescent fibroblasts, ectopic expression of 
activated H-RAS (H-RASV", where V12 indicates valine-12) induces membrane ruffling, 
mitogen-activated protein (MAP) kinase activation, and stimulation of DNA synthesis. A 
mutant of activated H-RAS, H-RASV'2C40 (where C40 indicates cysteine-40), was iden- 
tified that was defective for MAP kinase activation and stimulation of DNA synthesis, but 
retained the ability to induce membrane ruffling. Another mutant of activated H-RAS, 
H-RASV'2S35 (where S35 indicates serine-35), which activates MAP kinase, was defective 
for stimulation of membrane ruffling and induction of DNA synthesis. Expression of both 
mutants resulted in a stimulation of DNA synthesis that was comparable to that induced 
by H-RASVi2. These results indicate that membrane ruffling and activation of MAP kinase 
represent distinct RAS effector pathways and that input from both pathways is required 
for the mitbgenic activity of RAS. 

RAS proteins are esselltlal colnponellts ot 
receptor-mcd~ated slgnal transduction path- 
ways that co~l t ro l  cell proliferatlo~l and dlf- 
ferentlation. R A S  may control at  least two 
signal transduction pathways, one r e g ~ ~ l a t -  
ing gene expression and the other cantsol- 
ling actin cytoskcleton organization ( 1 ,  2 ) .  
T h e  tirst sig~lalillg pathway involves a series 
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o t  cytoplaslllic scrine-threonlne kinases, 
hereafter referred to as the  M A P  kinase 
pathway. T h e  scco~ld  pathway, hcrcaftcr re- 
ferred to as thc cell lnorphology path~vay, 1s 
nlcdiatcd by ~ n c ~ n b e r s  of thc Rho  family of 
guanosine triphosphatc (GTP) binding pro- 
t e n s ,  which regulate tllc orgall~sation of the 
actin cytoskeleton. T h e  M A P  kinase path- 
ways and the  cell morphology path~vay can 
be dissociated ( 3 ,  4). Ho~vevcr,  the  polnt a t  
which these path\vays divcrgc has not  yet 
hcen Jef i~led.  

blorphological changes iniiuced by ac- 
tivated forms of R A S  nrotcins arc accom- 
pa11ieJ by the  induction of lnelnbrane rut- 
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