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Deprivation of AKR-2B Cells
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markably all tested protective reagents lead to an inhi-
bition of the DEVDase activity in intact cells. SinceAs previously described, confluent AKR-2B fibro-
these reagents act via distinct intracellular pathways,blasts rapidly disintegrate upon removal of serum.
the existence of a regulatory element upstream of thePlatelet-derived growth factor isoforms AB or BB
DEVDase is proposed which integrates signals from a(PDGF-AB, -BB) added immediately after serum depri-
variety of pathways. q 1998 Academic Pressvation caused complete survival of the cells without

initiating proliferation (Simm et al., 1994, J. Cell. Phys-
iol. 160, 295). Here the role of cAMP as a protective INTRODUCTION
agent was investigated by using forskolin or 8-Br-

Selective cell death plays an important role in de-cAMP. Both reagents afforded high cellular protec-
termining population size in specific groups of cells.tion. The phorbolester TPA, an activator of protein ki-
The survival of many types of cells is critically depen-nase C isoforms, also exerted a high protection against
dent on the presence of specific growth factors or yetcell death (ED50Å 7 nM). Unexpectedly colchicine (ED50

Å 1.5 mM) an inhibitor of tubulin polymerization also undefined serum components. In contrast to necrosis,
protected cells from death. The protective effects of which is a consequence of the plasma membrane dis-
PDGF-BB and TPA were dependent on protein synthe- ruption due to chemical or physical insult, that kind
sis as indicated by their complete suppression by of cell death, termed apoptosis, is an active process of
cycloheximide (CHx). Surprisingly, forskolin and 8-Br- the target cell. Apoptosis appears in many facets, but
cAMP remained effective even in the presence of CHx. certain morphological and biochemical changes are re-
Detailed studies of several signalling pathways were current. For most of the investigated cells the early
performed. These investigations showed no inter- events of cell death are characterized by a condensa-
ference between PDGF-BB and cAMP-dependent tion of chromatin followed by a fragmentation of the
pathways at the early stage of signal transduction. As DNA yielding a ‘‘DNA ladder’’ (for review see [1–11]).
previously described, the ICE-like protease inhibitor The collapsed nucleus frequently breaks up into
tyr-val-ala-asp-chloromethylketone (YVAD-cmk) pro- spheres forming ‘‘apoptotic bodies.’’ Finally these par-tected cells from death (Simm et al., 1997, J. Cell Sci. ticles are engulfed either by macrophages or by110, 819–828). As shown here, a substantial protection

neighbouring cells.was also achieved by the addition of two other caspase
The emerging view of apoptosis is that diverse regu-inhibitors: asp-glu-val-asp-aldehyde (DEVD-cho; ED50

latory pathways activate a common execution machin-Å 100 mM) and benzoylcarbonyl-asp-glu-val-asp-chlo-
ery which carries out cell disassembly. Although thisromethylketone (Z-DEVD-cmk; ED50 Å 100 mM). The
execution machinery is poorly understood, it appearsactivity of caspases was studied using either tyr-val-
that an essential component is the caspases family,ala-asp-aminomethylcoumarine (YVAD-amc) or asp-
cysteine proteases which are activated by proteolyticglu-val-asp-aminomethylcoumarine (DEVD-amc) as sub-
cleavage from precursor proteins. Caspases cleavestrates. There was no activation of a YVADase,
their substrates after an aspartate residue, a very un-whereas as pronounced increase in DEVDase activity

was found with a maximum 3 h after serum removal. usual substrate specificity for eukaryotic proteases.
Cross competition experiments in vitro showed that This family of enzymes consisting of caspase-1 (ICE),2
the latter activity is inhibited also by low concentra-
tions of YVAD-cmk (300–600 nM), suggesting that both 2 Abbreviations used: PDGF, platelet-derived growth factor;

DMSO, dimethyl sulfoxide; BSA, bovine serum albumin; EGTA, eth-inhibitors inactivated the same target protease. Re-
ylene-glycol-bis(b-aminoethyl ether)N,N,N*,N*-tetraacetic acid; DTT,
dithiothreitol; PMSF, phenylmethylsulfonyl fluoride; PBS, phos-

1 To whom correspondence and reprint requests should be ad- phate-buffered saline; kemptide, a peptide with the sequence leu-arg-
arg-ala-ser-leu-gly; PKI has the sequence gly-arg-thr-arg-arg-asn-dressed. Fax: 49 931 888 4113.
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29SERUM DEPRIVATION OF AKR-2B CELLS

caspase-2 (ICH-1), caspase-3 (CPP32/Yama/apopain), effect elicited by PDGF [23, 25]. In agreement with
the results from Tamm and coworkers using Balbc/3T3caspase-4 (ICE-relII/TX/ICH-2), caspase-5 (ICErel-III/

TY), caspase-6 (Mch2), caspase-7 (Mch3/ICE-LAP3/ cells we describe here that PKA- and PKC-dependent
pathways play a role in the protection of AKR-2B fi-CMH-1), caspase-8 (FLICE/MACH/Mch5), caspase-9

(ICE-LAP/Mch6), caspase-10 (Mch4), caspase-11, and broblasts. However, in AKR-2B cells PDGF-BB does
not lead to an activation of the cAMP-dependent path-caspase-12 has been suggested to play a central part

in the apoptotic process [12–14]. way. In a recent publication we have demonstrated
that ICE-like proteases are possibly involved in theOn the other hand, the disruption of the mitochon-

drial inner transmembrane potential (Dcm) marks a mechanism of cell death found with AKR-2B cells. In
an attempt to identify the responsible caspase(s) wepoint of no return for the apoptotic cascade. Two mito-

chondrial proapoptotic factors have been purified: the used two fluorogenic substrates (YVAD-amc and
DEVD-amc). DEVD-amc corresponds to the apoptotic15-kDa cytochrome c protein which acts together with

cytosolic factors [15–17], and a 50-kDa protease that cleavage site of PARP, a putative natural substrate of
CPP32, whereas YVAD-amc is derived from the cleav-by itself suffices to cause nuclear apoptosis [18].

Another family of proteins whose function in regulat- age site preferred by caspase-1 (ICE). There was no
activation of a YVADase. However, a pronounced in-ing apoptosis is phylogenetically conserved is the hu-

man Bcl-2 protein family [19]. Some members of this crease in DEVD-amc cleaving activity was found reach-
ing a maximum after 3 h of serum deprivation. Thefamily, e.g., Bcl-2, Bcl-XL, Ced-9, and the adenovirus

E1B 19-kDa protein are able to inhibit apoptosis. Other parallelity in the time dependence of cell disintegration
and activation of this protease suggests its involvementmembers, such as Bax, Bad, Bcl-XS, and Bak have the

opposing effect of promoting cell death. Most recently in the execution of cell death. We furthermore show
that multiple second messenger related pathways in-the interaction of some members of this family with

signal transduction components related to proliferation terfere with the activation of this protease. The exis-
tence of a regulatory element upstream of this proteasecontrol have been identified shedding some light on

the mechanism by which growth factors and associated is suggested which integrates signals from a variety of
intracellular pathways.signaling pathways may prevent apoptosis [11, 20, 21].

Density-arrested fibroblasts like Balbc/3T3 or AKR-
2B cells die after serum deprivation. Depending on the MATERIALS AND METHODS
cell line, death after serum removal is either immedi-
ately initiated (Balbc/3T3) [22–25] or starts after a de- PDGF was prepared as described [28, 29]. Cell culture reagents

were purchased from Gibco (Eggenstein, Germany). [g-32P]ATPlay of 90 min (AKR-2B) [26, 27]. Dying of the cells
(3000 Ci/mmol) was from Hartmann Analytical (Braunschweig, Ger-ceases after 5–6 h with a survival of 10–20% (Balbc/
many). TPA, forskolin, cycloheximide, and FITC-labeled phalloidin3T3) or 50% (AKR-2B). Morphological changes are were from Sigma (Deisenhofen, Germany). 8-Br-cAMP was from Bio-

quite similar for both cell lines including membrane log (Bremen, Germany). PKI peptide inhibitor was from Natutec
blebbing and chromatin condensation. These are typi- (Frankfurt, Germany). YVAD-cmk, YVAD-amc, DEVD-cho, Z-

DEVD-cmk, and DEVD-amc were from Bachem (Heidelberg, Ger-cal characteristics for apoptosis, but remarkably there
many); AMC was purchased from Fluka (Buchs, Switzerland). Theis no DNA fragmentation. Furthermore both cell types
antibody against ICE-protease (ICE-p20 (M-19)) was from Santadie by membrane disrupture. This unusual behavior Cruz (Heidelberg, Germany).

has been recently characterized in detail for AKR-2B Cell number. A subclone DT1 of AKR-2B mouse fibroblasts was
cells [27]. Detailed studies on second messenger-re- used. Various methods including microscopy and flow cytometry did

not show any heterogeneity among the cells. Stock cultures werelated pathways that prevent cell death have been pre-
propagated in antibiotic-free McCoy-5A medium with 5% Hyclonesented by Tamm and coworkers using Balbc/3T3 cells
calf serum for less than 3 months to minimize fluctuations. During[22–25]. These authors found that activation of both
that time responses to PDGF did not change. Cells were prepared for

PKA-, and PKC-dependent pathways protect cells from the stimulation with various reagents using the protocol originally
death. They furthermore reached the conclusion that described in [30, 31]. Briefly, experimental cultures were seeded at

a density of 5 1 103 cells/cm2 into 24-well plastic dishes (Falcon) andactivation of the cAMP pathway rather than that of
grown for 5 days in McCoy-5A medium containing 5% calf serumthe protein kinase C is responsible for the protective
(Hyclone) without a medium change. For the measurement of cell
survival, cells were washed twice with serum-free MCDB 402 me-
dium (starvation medium) and kept in this medium for the indicatedala-ile-his-asp-NH2; PKA, cAMP-dependent protein kinase; PKB,
time period. Immediately after serum removal, the respective testedprotein kinase B; PKC, protein kinase C; ICE, interleukin-1b-con-
compounds were added. The number of viable cells was determinedverting enzyme; TPA, phorbol-12-myristate-13-acetate; YVAD-cmk,
using the CASY-1 system (Schärfe, Reutlingen, Germany) based onacetyl-tyr-val-ala-asp-chloromethylketone; DEVD-cho, acetyl-asp-
the Coulter Counter principle.glu-val-asp-aldehyde; Z-DEVD-cmk, benzoylcarbonyl-asp-glu-val-asp-

chloromethylketone; YVAD-amc, acetyl-tyr-val-ala-asp-amino-methy- Determination of MAP-kinase activities after ion-exchange chro-
matography. Preparation of cytosolic extracts and determinationcoumarine; DEVD-amc, acetyl-asp-glu-val-asp-aminomethyl-couma-

rine; CHx, cycloheximide; CS, calf serum; PI(3)-kinase, phosphatidyl- of MAP kinase activity was performed essentially as described [32–
34]. Cells were grown in 10 150-mm culture dishes (Greiner). Stim-inositol(3)-kinase; PARP, poly(ADP-ribose)polymerase.

AID ECR 3928 / 6i30$$$$22 03-20-98 13:11:46 eca
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ulation was done for 10 min. Cells were then rinsed twice with 5 Loading the cells with DEVD-cho or Z-DEVD-cmk. AKR-2B cells
were grown as described in 24-well plates. Cells were preincubatedml ice-cold phosphate-buffered saline and once with 5 ml of ice-cold

extraction buffer containing 50 mM b-glycerophosphate, pH 7.3, at 377C in hypotonic medium (1:8 dilution of MCDB 402) supple-
mented with increasing concentrations of either DEVD-cho or Z-1.5 mM EGTA, 0.1 mM sodium orthovanadate, 1 mM dithiothreitol,

10 mg/ml leupeptine, and 1 mM phenylmethanesulfonylfluoride DEVD-cmk. After 2 min the hypotonic medium was replaced by
MCDB 402 supplemented with respective concentrations of inhibitor.(PMSF). Cells were scraped into a total volume of about 0.7 ml

extraction buffer and were disrupted with a micro ultra turrax and Alternatively, cells were preincubated with DEVD-cho or Z-DEVD-
cmk, respectively, in McCoy / 5% CS for 5 h before medium wasthen centrifuged at 100,000g for 20 min at 47C. Chromatographic

separation was carried out at 47C using a Merck inert HPLC-system replaced by MCDB 402 containing the indicated amount of the re-
spective inhibitor.with a Resource Q column for anion exchange chromatography from

Pharmacia. Two milligrams of extract were fractioned on this col- Staining of the cytoskeleton. Cells were grown to confluency on
umn equilibrated with 50 mM b-glycerophosphate, pH 7.3, 1 mM glass cover slips in McCoy-5A medium containing 5% calf serum
EGTA, 0.1 mM sodium orthovanadate, and 1 mM dithiothreitol (Hyclone). After treatment with the indicated reagents for the respec-
(buffer A). After sample application the column was washed at a tive time intervals cells were washed twice with PBS and were fixed
flow rate of 0.5 ml/min for 10 min. Then a linear gradient from for 20 min in 3% paraformaldehyd in PBS. This solution was removed
buffer A to buffer A-containing 300 mM NaCl was applied during and the cells were incubated in 0.1%. Triton X-100 in PBS for 5 min.
45 min at a flow rate of 0.5 ml/min. Ninety six fractions were col- After washing twice with PBS, the cells were incubated with one
lected during the entire run. drop of FITC-labeled phalloidin (50 mg/ml in water) for 30 min. After

Assays were performed in 96-well microtiter plates (V-form). The washing twice with PBS, cells were mounted with the antifading
column fraction (12.5 ml) was mixed with 4.2 ml of myelin basic pro- medium from Molecular Probes. The microscope DMIRB from Leica
tein (2 mg/ml), and the reaction was started by the addition of 10 ml (Bensheim, Germany) was used. Magnification was 630-fold and the
assay buffer containing 75 mM b-glycerophosphate, pH 7.3, 0.15 mM filter set I3 was used.
sodium orthovanadate, 1.5 mM dithiothreitol, 30 mM calmidazolium, Immunoblotting was performed as described [26].
30 mM MgCl2, and 0.3 mM [g-32P]ATP (specific activity Ç 500 cpm/ Statistics. Cell numbers were determined in triplicates from in-
pmol). The reaction was stopped by the addition of each 10 ml of 0.5 dependent cultures. The bars represent standard errors. All experi-
M phosphoric acid. Twenty microliters was spotted onto P81 phos- ments were done three times. For immunoblotting, immunostaining,
phocellulose. After washing four times with 175 mM phosphoric acid, measurements of caspase activities or protein kinase activities, typi-
radioactivity was determined by using a phosphoimager. cal results from three independent experiments are shown.

Determination of cAMP concentration and cAMP-dependent pro-
tein kinase activity. For determination of the cAMP contents, cells

RESULTSwere grown in 6-well plates. For termination of the reaction, cells
were washed briefly with MCDB medium and subsequently lysed in

Activation of Multiple Pathways Affords Protection60% methanol. After filtration through reversed phase chromatogra-
phy material Nucleosil C18 7 mm (Macherey and Nagel, Düren, Ger-

As previously shown, AKR-2B cells grown in McCoymany) the filtrate was dried and the residue was taken up in 40 ml
water. The cAMP content in this extract was determined with the kit medium in the presence of 5% Hyclone calf serum reach
from Amersham (Braunschweig, Germany). Cell number and volume confluency and final density after 4–5 days. In the
were determined with the CASY-1 system, thus allowing the calcula- standard protocol originally designed by Shipley, this
tion of the intracellular cAMP content.

medium is then exchanged to serum- and protein-freePKA activity was assayed by measuring the phosphorylation of
MCDB 402 medium (31). After this change, approxi-kemptide (0.17 mM) in the absence or presence of PKI peptide (5

mM). PKA activity was calculated as the amount of kemptide phos- mately 50% of the cells die following a rapid exponen-
phorylated in the absence of PKI peptide minus that phosphorylated tial decay with a half-life time of 3.5 h. A recently per-
in the presence of PKI peptide. Cell extracts were prepared as de- formed more detailed study showed that cell death didscribed.

not occur immediately after medium change but with
Determination of caspase activity. All steps were performed at a delay of about 90 min (27). It has been recognized for47C. Cells grown on 10-cm culture dishes were rinsed in 10 ml PBS

some time that hormones or growth factors coupled toand scraped in 200 ml extraction buffer (50 mM Hepes–NaOH, pH
7.0, 50 mM KCl, 5 mM EGTA, 2 mM MgCl2, 1 mM PMSF). They were intracellular pathways might be involved in the protec-
disrupted with a micro ultra turrax and homogenate was clarified by tion of cells after serum deprivation. Figure 1 shows
a 20-min centrifugation at 100,000g. The supernatant was frozen at that forskolin, an activator of the adenylate cyclase 8-
0807C. All experiments described in the present study were per- Br-cAMP, and TPA, an activator of PKC, as well asformed within 1 week after preparation of the extract.

PDGF-BB, are potent reagents exerting significant pro-Fifty micrograms of extract (determined by the BCA method) were
diluted in ICE standard buffer (100 mM Hepes–KOH, pH 7.5, 10% tection against cell death. Unexpectedly, colchicine,
sucrose, 0.1% Chaps, 10 mM DTT, 0.1 mg/ml BSA). The enzymatic which so far has been reported to promote apoptosis
reactions were carried out in a total volume of 2 ml containing 15 [35, 36], afforded strong protection against cell disinte-
mM YVAD-amc or DEVD-amc. Release of amc was monitored over a gration.time period of 20 min in a fluorospectrophotometer [Fluoromax,

As shown previously [26, 27] the process of cell dyingSPEX] at room temperature with excitation and emission wave-
length of 380 and 440 nm, respectively. During that time the fluores- is almost complete after 6 h since cell number does not
cence increase was linear, as shown in Fig. 6B. From the slope, the change significantly later on. However, there are some
activity was calculated and the amount of fluorochrome was deter- differences found with various agents regarding their
mined by comparison to an amc standard curve prepared in ICE effectiveness to protect for short term (6 h) or long termstandard buffer. For the determination of background activities, 250

(24 h) treatments. It is clear from Fig. 1 that PDGF-nM of the inhibitor for ICE (YVAD-cmk) or CPP32 (DEVD-cho) was
added to the reaction mixture. BB protects the cells completely over the entire time
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treatment. These data gave thus the first hint that the
protective effect of PDGF-BB does not involve a cAMP-
dependent pathway.

PDGF and cAMP Act via Distinct Pathways

Tamm and coworkers have previously shown that in
Balbc/3T3 cells the protective effect of PDGF is partly
due to an activation of the cAMP-dependent pathway
[22, 23, 25]. In a recent publication this pathway was
delineated in more detail for smooth muscle cells [37].
Since there are considerable differences in the appear-
ance and mechanism of cell death in various cell culture
systems, we reanalyzed whether there is an interfer-
ence of PDGF and forskolin-induced pathways in AKR-
2B cells. Figure 3 shows the effects of both reagents
on the accumulation of cAMP in the cell and on theFIG. 1. Concentration dependency of cell survival induced by

various agents. AKR-2B cells were grown in McCoy medium supple- activation of PKA. There was a massive increase in
mented with 5% Hyclone calf serum to a final density of 250,000 these two investigated parameters shortly after the ad-
cells/cm2. Cells were shifted to MCDB 402 medium and immediately dition of 50 mM forskolin. No increase was observedafter, the indicated amounts of reagents were added. Cell number

after PDGF-BB treatment, even after 4 h (data notwas determined after 6 and 24 h. For control (100%) cells were left
in McCoy medium containing 5% calf serum. About 50% of the cells shown).
died when MCDB 402 medium was added without further supple- It has been demonstrated in various cell types that
ments. Curves were fitted according to a logistic four parameters raising the intracellular concentration of cAMP leads
model contained in the program ‘‘origin’’ (Microcal). ED50 values (6

to phosphorylation and concomitant inactivation of theh incubation time) were 1.15 { 0.09 mM for forskolin, 6.7 { 3.5 nM
raf-1 kinase. As a consequence, a strong inhibition offor TPA, 685 { 85 mM for 8-Br-cAMP, 3.5 { 0.33 ng/ml for PDGF-

BB, and 1.5 { 0.3 mM for colchicine. the ras-raf-MAP-kinase pathway occurred which could
be monitored by measuring the MAP-kinase activity
[38–40]. Instead, as shown in Fig. 4 there was no cross-

interval. However, the other protective reagents are
less effective after 24 h (Ç80% remaining cells). Similar
ED50 values were observed for both time intervals for
each respective reagent.

Different Requirement of Protein Synthesis

As previously discussed [22, 23, 25], protein synthe-
sis might be involved to different extents in the protec-
tion by various reagents. We therefore tested the pro-
tective reagents PDGF-BB, TPA, forskolin, and 8-Br-
cAMP for their potency in the presence or absence of
the protein synthesis inhibitor cycloheximide (CHx).
In Fig. 2 the results after 6 and 24 h are compared.
CHx alone had some effect after 6 h and drastically
reduced the number of living cells after 24 h below
control values. The ED50-value for CHx was 5 mg/ml.
The effect was maximum at concentration above 50
mg/ml (data not shown). There was a detectable de-
crease in cell number after 6 h when PDGF or TPA,
respectively, were added together with CHx. On the FIG. 2. Protective effect of various reagents in the presence or
contrary, the effect of CHx on cells treated with either absence of the protein synthesis inhibitor cycloheximide (CHx). After
forskolin or 8-Br-cAMP was very small after 6 h. More removal of serum cells were incubated with indicated amounts of

reagents. Concentrations that gave maximum protective effects weredrastic effects were seen after 24 h. In the case of
chosen (PDGF-BB, 50 ng/ml; TPA, 1 mM; forskolin, 10 mM; and 8-PDGF or TPA the treatment with CHx lead to cell
Br-cAMP, 1.5 mM). Black columns, without CHx; grey columns, innumbers below control. But CHx had no influence on the presence of 50 mg/ml CHx. Cell number was determined after 6

the protective effect of forskolin. The protective effect and 24 h. Control cells were kept in McCoy medium containing 5%
calf serum.of 8-Br-cAMP was only partially reversed by CHx-
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FIG. 3. cAMP content and cAMP-dependent protein kinase activ-
ity after treatment with PDGF-BB or forskolin. AKR-2B cells were
grown as described. McCoy medium was replaced by MCDB 402 and FIG. 5. Inhibition of cell death by DEVD-cho or Z-DEVD-cmk.
the factors were added immediately after. After the indicated times, AKR-2B cells were loaded with increasing concentrations of the in-
cells were lysed to determine the intracellular cAMP content (right hibitor DEVD-cho (circles) or Z-DEVD-cmk (squares), respectively,
panel) and the activity of cAMP-dependent protein kinases (left by an hypotonic shock (closed symbols) or preincubation under iso-
panel). tonic conditions (open symbols). Cells were than incubated in MCDB

402 supplemented with the respective concentrations of inhibitor.
After 6 h the number of viable cells was determined.

talk of cAMP with this pathway, since neither forskolin
alone activated MAP-kinase (ERK-I and -II) nor was
there a significant inhibition of the PDGF-BB induced

to the CPP32-like family (41). It is also well establishedstimulation. Thus, it seems unlikely that PDGF-BB-
that during apoptosis there is a cascade of caspasesand cAMP-dependent pathways are coupled in AKR-
involved that leads to cell disintegration. It is postu-2B cells.
lated that processing of an ICE-like caspase is followed

Inhibition of Cell Death by DEVD-cho or Z-DEVD- by the activation of a CPP32-like caspase, which in
cmk turn leads to cleavages of several substrates. As AKR-
Various experiments have shown that the amino acid 2B fibroblasts undergo apoptosis after serum removal,

sequence DEVD is the substrate for caspases belonging which can be prevented using the caspase 1 inhibitor
YVAD-cmk (27), we studied the effect of the potent
inhibitors of CPP32-like caspases DEVD-cho or Z-
DEVD-cmk on cell survival of AKR-2B fibroblasts after
serum removal. Since DEVD-cho is supposed to not be
able to penetrate the cell membrane efficiently, two
different approaches for loading the cells with either
inhibitors were applied. In one experiment the fibro-
blasts were permeabilized in the presence of the indi-
cated inhibitor concentrations using an hypoosmotic
shock procedure in serum-free medium. Cells were
counted 6 h later. As shown in Fig. 5, maximum protec-
tion from cell death was reached at 400 mM of both
inhibitors with 90% of surviving cells. The ED50 was
about 100 mM for both inhibitors. In the second ap-
proach, AKR-2B fibroblasts were preincubated with ei-
ther DEVD-cho or Z-DEVD-cmk, 5 h before serum re-
moval without hypotonic shock application and furtherFIG. 4. MAP kinase activity in AKR-2B cells after treatment
treated for 6 h with the indicated concentrations ofwith PDGF-BB or forskolin. Cells were grown in 14-cm-diameter
DEVD-cho or Z-DEVD-cmk in serum-free medium. Asdishes to a final density of 250,000 cells/cm2 in McCoy medium con-

taining 5% calf serum. The medium was replaced by MCDB 402 shown in Fig. 5, again a significant cell protection was
containing the indicated amounts of reagents. Cells were lysed after achieved with an ED50 of about 100 mM for both inhibi-
10 min and a cytosolic fraction was prepared. 2 mg of protein were tors. Z-DEVD-cmk was slightly more effective leadingchromatographed on a Resource Q column as described under Mate-

to 80% surviving cells compared to 70% found withrials and Methods. 96 fractions were collected and the MAP kinase
activity was determined using myelin basic protein as substrate. DEVD-cho.
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A CPP 32-like Caspase Is Activated during Cell inhibits the DEVD-amc cleaving activity with high af-
finity at a quite fast rate. It is therefore likely thatDeath of AKR-2B Fibroblasts
when applied to intact cells YVAD-cmk inhibits cell

In order to delineate the involvement of an ICE-like death after serum removal by blocking the activity of
protease in the death of AKR-2B fibroblasts after se- a DEVD cleaving enzyme.
rum removal, activity measurements were carried out

DEVD-amc Cleavage Can Be Inhibited by Cellto assess the activation of an YVAD- or DEVD-cleaving
Protecting Reagentsprotease. The cleaving activity was measured using the

fluorogenic substrates YVAD-amc and DEVD-amc. As shown before, the time course for the activationIn a recent publication [42] it was demonstrated that of DEVD cleaving proteases correlates with that of cella YVAD-amc cleaving activity was rapidly stimulated disintegration. To further demonstrate an important(15 min) after initiating a cell death program by treat- role of these proteases in the process of cell disintegra-ing the cells with an anti-Fas antibody [43]. We have tion, the influence of cell protecting reagents on thetherefore measured this activity over a period of 60 min activity of DEVD-amc cleaving caspases was investi-after serum removal. As shown in Fig. 6A there was gated. Figure 7 shows that all of these reagents areno significant increase in YVAD-amc cleaving activity able to inhibit proteolytic activity of caspases belongingover this period. Any basal activity measured in this to the CPP32 family. Since these reagents act via differ-assay was not reduced by the inhibitor YVAD-cmk, so ent signal transduction pathways it can be concludedit has to be considered as nonspecific activity. that all these pathways converge to one signal cascadeThe results in Fig. 6A suggest that caspase 1 is not preventing apoptosis upstream from the CPP32-likeinvolved in death of AKR-2B fibroblasts after serum protease in AKR-2B cells.removal. In order to clarify, if caspase 1 isoforms are
expressed and/or cleaved in the cells before and after Effect of Colchicine on the Early Loss of Actin Fibers
serum removal, Western blot analyses with whole cell after Serum Removal
lysates were carried out using an antibody which recog-

The earliest macroscopic event after serum depriva-nizes the uncleaved caspase-1 isoforms as well as their
tion is the appearance of membrane blebbing. Usingfragments of 20 kDa. Figure 6C delineates that at least
time lapsed video microscopy we observed that thisone isoform is expressed constitutively in AKR-2B cells.
blebbing is a dynamic process [27]. These morphologi-The apparent molecular weight of 42 kDa correspond-
cal changes could be detected over a time period ofing to the most heavily stained band leads to the con-
80 min after which the cells ceased to move and wereclusion that it is caspase 1a. During the time course of
therefore considered as dead. Early breakdown of actinstarvation after serum removal, there was no pro-
fibers and/or loss of cell-matrix contact has been re-cessing of the protein into its active subunits (20 kDa).
ported to be a prerequisite for cell shape alterationUnlike YVAD-amc, DEVD-amc cleavage increased
and at least for some cell lines an implication of thesedrastically after serum removal (Fig. 6A). A maximum
processes has been postulated in the cell death [8, 45–was reached 3 h after serum removal. This cleaving
48]. The role of actin fibers breakdown was thereforeactivity was completely blocked in the presence of 250
investigated using AKR-2B cells. As shown in Fig. 8,nM DEVD-cho. There was no basal activity in cytosolic
there was a rapid breakdown of the cytoskeleton afterextracts from control AKR-2B cells. These results indi-
serum removal. PDGF-BB did not prevent this break-cate that a protease of the CPP32 family might be
down but lead to a remodeling of the cytoskeletoninvolved in cell death after serum removal, but that
which could be detected after 6 h. Surprisingly the ad-the activation of this enzyme is mediated by a path-
dition of colchicine prevented the initial breakdown ofway that does not include the proteolytic processing
the actin fibers. After 6 h a shortening of the fibers isof caspase-1.
detectable.Even though no YVADase activity was found in AKR-

2B, YVAD-cmk acts as a potent inhibitor of AKR-2B
cell death. As it was shown recently with extracts from DISCUSSION
HL-60 cells, that YVAD-cmk is able to inhibit DEVD-
amc cleaving activity in vitro [44], we tried to inhibit In a previous article the basic features of the death
DEVD-amc cleavage in the presence of increasing con- process of AKR-2B cells after serum deprivation were
centrations of YVAD-cmk in extracts from AKR-2B described [27]. In brief, cells round up after Ç90 min,
cells. The kinetics of these reactions are shown in Fig. showing membrane blebs with berry-like structure.
6B. After 5 min a concentration of 600 nM YVAD-cmk Cell surface changed continuously during the following
lead to a complete inhibition of the DEVDase activity. 80 min after which time no further motion was de-
This inhibitor (150 nM) was sufficient to block the reac- tected and the cell was considered dead. Membrane

leakiness was observed already 60 min after serumtion after 20 min. These results show that YVAD-cmk
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FIG. 6. (A) Determination of caspase activities in AKR-2B cells after serum removal AKR-2B cells were grown as described and starved
for indicated times. To determine the cleaving activities, 50 mg protein of cytosolic extract were incubated with the specific fluorogenic
substrates YVAD-amc (-j-) or DEVD-amc (-l -). Background activities were ascertained by adding 250 nM of the specific inhibitors to the
reaction mixtures (YVAD-cmk: -h-) or DEVD-cho (-s -). (B) Effect of YVAD-cmk on DEVD-amc cleavage activity. 3 h after serum removal
cytosolic extracts of AKR-2B cells were prepared and incubated with indicated concentrations of the inhibitor YVAD-cmk 1 min before
the addition of the fluorogenic substrate DEVD-amc (final concentration 15 mM). The release of amc was monitored continuously. (C)
Immunoblot analysis of caspase 1 in AKR-2B cells after serum deprivation AKR-2B cells were grown as described and cultured in serum-
free MCDB 402 for indicated time. Whole cell lysates were subjected to a 12% SDS–PAGE followed by immunoblotting with antibodies
that recognize the caspase 1 precursor (42 kDa) and the p20 subunit of the active caspase (cf. materials). The position of the molecular
weight markers is indicated on the right. As a positive control a lysate from Jurkat cells which are known to express this caspase is shown
on the right (J) (66).

removal and seemed to parallel nuclear condensation. tion of many of these components is being elucidated
[2, 4, 6, 10, 11, 20, 21, 49–59].At that time mitochondria are swollen and damaged.

At this point ‘‘apoptotic’’ events stopped, since no DNA Three temporal stages during apoptosis have been
suggested recently by Newmeyer et al. [52]. The firstfragmentation occurred and no ingestion of the dead

cell by its neighbors was observed. Though not all cri- of these, ‘‘initiation,’’ would refer to events that cause
entry into a common death pathway. The second stage,teria for apoptosis are seen with AKR-2B cells, it is

clear that these cells do not die via a simple necrotic which was termed ‘‘sentencing’’ encompasses the intra-
cellular events that commit the cell irreversibly to thepathway. Rather, the process of cell death includes

both apoptotic and necrotic events. Especially, we have cell death process. Finally the cell enters the ‘‘execu-
tion’’ stage, in which effector molecules, such as partic-shown that these cells exhibit an extremely high en-

ergy state of 0.9 with an intracellular ATP-concentra- ular nucleases and proteases, accomplish the overt
changes associated with apoptotic cells death.tion of 6 mM, thus excluding the possibility that a drop

in ATP content might lead to a destabilization of the The duration of the ‘‘initiation’’ phase is usually 60–
90 min after the addition of an apoptotic stimulus. Incytoskeleton rendering the cells more fragile. More-

over, an ICE-like protease seems to be involved in the several instances an activation of ICE-like proteases
(caspase-1) is observed in the first phase [42, 60]. Alsomechanism of death, suggesting an active cellular pro-

cess rather than a suffering of the cells from unappro- ceramides are reported to play a role in this phase [61].
The second phase (2–4 h) is characterized by the acti-priate culture conditions. There is a growing list of

protein members apparently involved in the regula- vation of CPP32-like proteases, the induction of perme-
ability transitions (PT) in mitochondria, release of cyto-tion/activation of ICE-like proteases and the interac-
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Cell death ‘‘execution’’ in AKR-2B cells is uncommon,
since it lacks DNA-fragmentation. Clearly mitochon-
dria are swollen and damaged in dead cells, but at least
for a significant number of cells, the plasma membrane
was permeable prior to a breakdown of the mitochon-
drial potential [27]. It seems that the timing of the
events is somewhat deregulated leading to a premature
damage of the plasma membrane. Upon energy depri-
vation due to cell leakage subsequent steps requiring
ATP are probably blocked.

The present work describes the different signaling
pathways involved in the protection of AKR-2B cells
against cell death. Besides PDGF-BB and okadaic acid,
which have been analyzed previously [26], forskolin, 8-
Br-cAMP, colchicine, and TPA were effective survival
reagents. PDGF-BB was the most potent factor, yield-
ing complete protection over the long time period of 1

FIG. 7. Effect of protecting agents on DEVD-amc cleavage activ- day. The other substances allowed full protection only
ity. Following serum removal, cells were incubated with different for a shorter time of 6 h. The factors differed dramati-
amounts of protecting agents as described in the legend to Fig. 2. cally in their requirement for protein synthesis. In theThe concentration of okadaic acid was 100 nM, and that of colchicine

presence of the protein synthesis inhibitor CHx onlywas 10 mM. After 3 h incubation cytosolic extracts were prepared
and DEVD-amc cleavage activity was determined. forskolin and partially 8-Br-cAMP were still protective.

For the protective effects of PDGF-BB or TPA, respec-
tively, protein biosynthesis was required. These results
indicate that activation of cAMP-dependent signalingchrome c and a caspase activation factor from mito-

chondria, and the action of the apoptotic regulator pathways leads to cell protection without the require-
ment of protein biosynthesis, whereas PKC-dependentprotein Bcl-2. The activation of CPP32-like caspase has

been observed in almost all investigated cells and pathways are dependent on protein synthesis. Though
there were many similarities with Balb/c-3T3 cells,seems to be a hallmark for the manifestation of

apoptosis [42, 44, 51]. Based on the different kinetics there are distinct implications for PDGF-BB-related
signaling pathways in the suppression of cell death inof activation of caspase-1 and caspase-3, a sequence of

activation was delineated. However, a putative direct AKR-2B cells. Importantly, activation of cAMP-depen-
dent pathways by PDGF-BB plays a major role incaspase activation pathway fails to explain important

facts such as latency between caspase-1 (15 min) and Balb/-3T3 cells. This pathway has been elucidated re-
cently: PDGF-receptor activation leads to an activationcaspase-3 (2–4 h) activation, mitochondrial changes,

and nuclear condensation. of the MAP-kinases which phosphorylate and thus acti-
vate the PLA2, finally leading to increased synthesis ofThe third phase, ‘‘execution,’’ comprises events such

as fodrin cleavage, lamin A, B, or C cleavage, and nu- prostaglandins. These compounds then evoke an in-
crease in the intracellular cAMP content [37]. In AKR-clear condensation.

We have recently characterized several events fol- 2B cells PDGF-BB is unable to activate cAMP-depen-
dent pathways.lowing serum removal in AKR-2B cells. Obviously a

first latent phase exists, since the onset of massive cells This discrepancy is not surprising since the effects
of PDGF-BB on the two cell lines regarding the stimu-death occurs after 90 min. During this stage the addi-

tion of ‘‘survival factors’’ suppresses the ongoing of lation of cell division are quite distinct. More than 95%
of AKR-2B cells divide after the administration ofapoptosis. However, we were unable to detect the acti-

vation of a YVADase (caspase-1) neither by using a PDGF-AB or -BB, respectively, without further supple-
ments like, e.g., insulin or IGF-I [30]. For Balbc/-3T3fluorogenic substrate nor by Western blotting using an

antiserum against caspase-1 (ICE). Clearly our data cells, PDGF establishes a competence state and these
cells require the continuous presence of insulin or IGF-Ido not rule out the possible existence of an activated

protease with a different substrate specificity. Never- for progression through the cell cycle [62]. The reason
for the different tuning might be a different availabilitytheless, our data are in agreement with recent findings

that CPP32 (caspase-3)- and Mch2 (caspase-6)-like pro- of binding proteins containing SH2- or PTB-domains
and thus a different recruitment in the ‘‘receptosomes.’’teases are the major active caspases in apoptotic cells

[42, 44, 51]. Importantly, in AKR-2B cells, in all in- Several growth factors originally characterized for
their ability to induce proliferation have been shownstances the DEVDase activity is inhibited by sub-

stances that suppress cell death. to be potent regulators of cell survival and for some
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FIG. 8. Changes in the cytoskeleton of AKR-2B cells. Upper part: for control, AKR-2B cells were kept in McCoy medium. The left picture
was taken at time zero (without addition of factors). As indicated PDGF-BB (50 ng/ml) was added for 2 or 6 h. For all other experiments
the McCoy medium was replaced by the MDCB 402 medium without serum. The indicated factors were added for 0.5, 2, or 6 h. (PDGF-
BB, 50 ng/ml or colchicine, 10 mM). The cells were then fixed in 3% paraformaldehyde and the actin was stained with FITC-labeled phalloidin.
The bar represents 20 mm. Magnification was 630-fold.
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38 SCHÄFER, KARBACH, AND HOPPE

24. Tamm, I., Kikuchi, T., Krueger, J., and Murphy, J. S. (1992). 40. Wu, J., Dent, P., Jelinek, T., Wolfman, A., Weber, M. J., and
Sturgill, T. W. (1993). Inhibition of the EGF-activated MAP ki-Dissociation between early loss of actin fibres and subsequent

cell death in serum-deprived quiescent Balb/c-3T3 cells. Cell nase signaling pathway by adenosine 3 *,5*-monophosphate.
Science 262, 1065–1069.Signal 4, 675–686.

25. Tamm, I., and Kikuchi, T. (1993). Multiple pathways lead to 41. Nicholson, D. W., Ali, A., Thornberry, N. A., Vaillancourt, J. P.,
activation of the survival mechanism in quiescent BALB/c-3T3 Ding, C. K., Gallant, M., Gareau, Y., Griffin, P. R., Labelle, M.,
cells. Proc. Soc. Exp. Biol. Med. 202, 174–180. Lazebnik, Y. A., and et al. (1995). Identification and inhibition

of the ICE/CED-3 protease necessary for mammalian apoptosis.26. Simm, A., Hoppe, V., Gazit, A., and Hoppe, J. (1994). Platelet-
Nature 376, 37–43.derived growth factor isoforms prevent cell death during starva-

tion of AKR-2B fibroblasts. J. Cell. Physiol. 160, 295–302. 42. Enari, M., Talanian, R. V., Wong, W. W., and Nagata, S. (1996).
Sequential activation of ICE-like and CPP32-like proteases dur-27. Simm, A., Bertsch, G., Frank, H., Zimmermann, U., and Hoppe,
ing Fas-mediated apoptosis. Nature 380, 723–726.J. (1997). Cell death of AKR-2B fibroblasts after serum removal:

A process between apoptosis and necrosis. J. Cell Sci. 110, 819– 43. Enari, M., Hug, H., and Nagata, S. (1995). Involvement of an
828. ICE-like protease in Fas-mediated apoptosis. Nature 375, 78–

81.28. Hoppe, J., Weich, H. A., Eichner, W., and Tatje, D. (1990). Prep-
aration of biologically active platelet-derived growth factor iso- 44. Martins, L. M., Kottke, T., Mesner, P. W., Basi, G. S., Sinha,
forms AA and AB. Preferential formation of Eur. J. Biochem. S., Frigon, N., Jr., Tatar, E., Tung, J. S., Bryant, K., Takahashi,
187, 207–214. A., Svingen, P. A., Madden, B. J., McCormick, D. J., Earnshaw,

29. Hoppe, J., Weich, H. A., and Eichner, W. (1989). Preparation of W. C., and Kaufmann, S. H. (1997). Activation of multiple in-
biologically active platelet-derived growth factor type BB from terleukin-1beta converting enzyme homologues in cytosol and
a fusion protein expressed in Escherichia coli. Biochemistry 28, nuclei of HL-60 cells during etoposide-induced apoptosis. J.
2956–2960. Biol. Chem. 272, 7421–7430.

30. Simm, A., Hoppe, V., Tatje, D., Schenzinger, A., and Hoppe, J. 45. Frisch, S. M., Vuori, K., Ruoslahti, E., and Chan Hui, P. Y.
(1992). PDGF-AA effectively stimulates early events but has no (1996). Control of adhesion-dependent cell survival by focal ad-
mitogenic activity in AKR-2B mouse fibroblasts. Exp. Cell Res. hesion kinase. J. Cell Biol. 134, 793–799.
201, 192–199. 46. Frisch, S. M., Vuori, K., Kelaita, D., and Sicks, S. (1996). A role

31. Shipley, G. D., Childs, C. B., Volkenant, M. E., and Moses, H. L. for Jun-N-terminal kinase in anoikis; suppression by bcl-2 and
(1984). Differential effects of epidermal growth factor, trans- crmA. J. Cell Biol. 135, 1377–1382.
forming growth factor, and insulin on DNA and protein synthe- 47. Martin, S. J., O’Brien, G. A., Nishioka, W. K., McGahon, A. J.,
sis and morphology in serum-free cultures of AKR-2B cells. Mahboubi, A., Saido, T. C., and Green, D. R. (1995). Proteolysis
Cancer Res. 44, 710–716. of fodrin (non-erythroid spectrin) during apoptosis. J. Biol.

32. Hoppe, J., Hoppe, V., Karenberg, T. A., Fenn, A., Simm, A., and Chem. 270, 6425–6428.
Sachinidis, A. (1994). Differential activation by platelet-derived 48. Meredith, J. E., and Schwartz, M. A. (1997). Integrins, adhesiongrowth factor-BB of mitogen activated protein kinases in and apoptosis. Trends Cell Biol. 7, 146–150.starved or nonstarved AKR-2B fibroblasts. J. Cell. Physiol. 161,

49. Boldin, M. P., Goncharov, T. M., Goltsev, Y. V., and Wallach, D.342–350.
(1996). Involvement of MACH, a novel MORT1/FADD-inter-33. Ahn, N. G., Weiel, J. E., Chan, C. P., and Krebs, E. G. (1990).
acting protease, in Fas/APO-1- and TNF receptor-induced cellIdentification of multiple epidermal growth factor-stimulated
death. Cell 85, 803–815.protein serine/threonine kinases from Swiss 3T3 cells. J. Biol.

50. Evan, G. I., Wyllie, A. H., Gilbert, C. S., Littlewood, T. D., Land,Chem. 265, 11487–11494.
H., Brooks, M., Waters, C. M., Penn, L. Z., and Hancock, D. C.34. Karenberg, T. A., Fenn, A., Sachinidis, A., and Hoppe, J. (1994).
(1992). Induction of apoptosis in fibroblasts by c-myc protein.The differential activation of phosphatidylinositol-3 kinase and
Cell 69, 119–128.mitogen-activated protein kinases by PDGF-AA and IGF-I

51. Faleiro, L., Kobayashi, R., Fearnhed, H., and Lazebnik, Y.might explain the synergistic effect of the two growth factors
(1997). Multiple species of CPP32 and Mch2 are the major activeon the proliferation of AKR-2B fibroblasts. Exp. Cell Res. 213,
caspases present in apoptotic cells. EMBO J. 16, 2271–2281.266–274.

52. Farschon, D. M., Couture, C., Mustelin, T., and Newmeyer,35. Nakagawa Yagi, Y. (1994). Induction of apoptotic cell death
D. D. (1997). Temporal phases in apoptosis defined by the actionin differentiating neuroblastoma SH-SY5Y cells by colchicine.
of src homology 2 domains, ceramide, Bcl-2, Interleukin-1betaBiochem. Biophys. Res. Commun. 199, 807–817.
converting enzyme family proteases, and a dense membrane36. Bonfoco, E., Ceccatelli, S., Manzo, L., and Nicotera, P. (1995).
fraction. J. Cell. Biol. 137, 1117–1125.Colchicine induces apoptosis in cerebellar granule cells. Exp.

Cell Res. 218, 189–200. 53. Faucheu, C., Diu, A., Chan, A. W., Blanchet, A. M., Miossec, C.,
Herve, F., Collard-Dutilleul, V., Gu, Y., Aldape, R. A., Lippke,37. Graves, L. M., Bornfeld, K. E., Sidhu, J. S., Argast, G. M.,
J. A., et al. (1995). A novel human protease similar to the in-Raines, E. W., Ross, R., Leslie, C. C., and Krebs, E. G. (1996).
terleukin-1 beta converting enzyme induces apoptosis in trans-Platelet-derived Growth Factor Stimulates Protein Kinase A
fected cells. EMBO J. 14, 1914–1922.through a Mitogen-activated Protein Kinase-dependent Path-

way in Human Arterial Smooth Muscle Cells. J. Biol. Chem. 54. Chinnaiyan, A. M., O’Rourke, K., Tewari, M., and Dixit, V. M.
271, 505–511. (1995). FADD, a novel death domain-containing protein, inter-

acts with the death domain of Fas and initiates apoptosis. Cell38. Cook, S. J., and McCormick, F. (1993). Inhibition by cAMP of
81, 505–512.Ras-dependent activation of Raf. Science 262, 1069–1072.

39. Graves, L. M., Bornfeldt, K. E., Raines, E. W., Potts, B. C., Mac- 55. Chinnaiyan, A. M., Tepper, C. G., Seldin, M. F., O’Rourke, K.,
Kischkel, F. C., Hellbardt, S., Krammer, P. H., Peter, M. E., anddonald, S. G., Ross, R., and Krebs, E. G. (1993). Protein kinase

A antagonizes platelet-derived growth factor-induced signaling Dixit, V. M. (1996). FADD/MORT1 is a common mediator of
CD95 (Fas/APO-1) and tumor necrosis factor receptor-inducedby mitogen-activated protein kinase in human arterial smooth

muscle cells. Proc. Natl. Acad. Sci. USA 90, 10300–10304. apoptosis. J. Biol. Chem. 271, 4961–4965.

AID ECR 3928 / 6i30$$$$25 03-20-98 13:11:46 eca



39SERUM DEPRIVATION OF AKR-2B CELLS

56. Chinnaiyan, A. M., Orth, K., O’Rourke, K., Duan, H., Poirier, protease for Fas/APO-1-mediated apoptosis. Nature 375, 81–
83.G. G., and Dixit, V. M. (1996). Molecular ordering of the cell

death pathway. Bcl-2 and Bcl-xL Function upstream of the 61. Testi, R. (1996). Sphingomyelin breakdown and cell fate. Trends
CED-3-like apoptotic proteases. J. Biol. Chem. 271, 4573–4576. Biol. Sci. 21.

57. Chinnaiyan, A. M., O’Rourke, K., Lane, B. R., and Dixit, V. M. 62. Olashaw, N. E., Van-Wyk, J. J., and Pledger, W. J. (1987). Con-
(1997). Interaction of CED-4 with CED-3 and CED-9: a molecu- trol of late G0/G1 progression and protein modification by SmC/
lar framework for cell death [see comments]. Science 275, 1122– IGF I. Am. J. Physiol. 253, C575–C579.
1126. 63. Kauffmann-Zeh, A., Rodriguez Viciana, P., Ulrich, E., Gilbert,

58. Fernandes-Alnemri, T., Litwack, G., and Alnemri, E. S. (1994). C., Coffer, P., Downward, J., and Evan, G. (1997). Suppression
CPP32, a novel human apoptotic protein with homology to of c-Myc-induced apoptosis by Ras signalling through PI(3)K
Caenorhabditis elegans cell death protein Ced-3 and mamma- and PKB. Nature 385, 544–548.
lian interleukin-1 beta-converting enzyme. J. Biol. Chem. 269, 64. Dudek, H., Datta, S. R., Franke, T. F., Birnbaum, M. J., Yao,
30761–30764. R., Cooper, G. M., Segal, R. A., Kaplan, D. R., and Greenberg,

M. E. (1997). Regulation of neuronal survival by the serine-59. Muzio, M., Chinnaiyan, A. M., Kischkel, F. C., O’Rourke, K.,
threonine protein kinase Akt. Science 275, 661–665.Shevchenko, A., Ni, J., Scaffidi, C., Bretz, J. D., Zhang, M.,

Gentz, R., Mann, M., Krammer, P. H., Peter, M. E., and Dixit, 65. Yao, R., and Cooper, G. M. (1995). Requirement for phosphati-
V. M. (1996). FLICE, a novel FADD-homologous ICE/CED-3- dylinositol-3 kinase in the prevention of apoptosis by nerve
like protease, is recruited to the CD95 (Fas/APO-1) death— growth factor. Science 267, 2003–2006.
inducing signaling complex. Cell 85, 817–827. 66. Alnemri, E. S., Fernandes Alnemri, T., and Litwack, G. (1995).

Cloning and expression of four novel isoforms of human in-60. Los, M., Van de Craen, M., Penning, L. C., Schenk, H., Westen-
dorp, M., Baeuerle, P. A., Droge, W., Krammer, P. H., Fiers, W., terleukin-1 beta converting enzyme with different apoptotic ac-

tivities. J. Biol. Chem. 270, 4312–4317.and Schulze Osthoff, K. (1995). Requirement of an ICE/CED-3

Received September 25, 1997
Revised version received November 20, 1997

AID ECR 3928 / 6i30$$$$25 03-20-98 13:11:46 eca


