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The ICE/CED-3 family of proteases has been implicated in
playing a fundamental role in programmed cell death. Bcl-2
protein represses a number of apoptotic death programs, but
the biochemical mechanism of its action is not known. We
investigated the activation of ICE/CED-3 proteases induced by
three apoptotic stimuli (staurosporine, ceramide, and serum
withdrawal) in the neuronal cell line GT1-7 and in cells overex-
pressing Bcl-2. Rapid activation of a 17 kDa subunit of an
activated member of the ICE/CED-3 family is demonstrated by
affinity-labeling GT1-7 extracts from apoptotic controls cells
with a biotinylated ICE/CED-3 inhibitor. This activation corre-
sponds to an increased ICE/CED-3-like protease activity in
extracts measured by a fluorogenic substrate assay. In a cell-
free system, these extracts induce apoptotic morphological
changes in intact nuclei. All three activities are readily inhibited
by treatment of control extracts with ICE/CED-3-like protease

inhibitors. Overexpressed Bcl-2 inhibits the activation of the 17
kDa protein, the ICE/CED-3-like protease activity in the fluoro-
genic assay, and the induction of apoptotic morphological
changes in HeLa nuclei in the cell-free system, similar to results
obtained with ICE/CED-3 protease inhibitors. At the mRNA
level, overexpression of Bcl-2 did not alter expression of five
members of the ICE/CED-3 family: CPP32, ICE, Mch 2, Nedd 2,
and TX. Overexpression of Bcl-2 prevented the apoptosis-
induced processing of pro-Nedd 2 to the cleaved form. These
data suggest that Bcl-2 participates upstream from the function
of ICE/CED-3 proteases and may inhibit apoptosis by prevent-
ing the post-translational activation of ICE/CED-3 proteases.
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Apoptosis, a form of cell death morphologically distinct from
necrosis, plays an essential role in the development and mainte-
nance of homeostasis in multicellular organisms (Steller, 1995).
Apoptosis may be the predominant form of cell death in various
diseases (for reviews, see Thompson, 1995; Bredesen, 1995). In
the last decade, significant progress has been made toward under-
standing the biochemical basis of cell death (Steller, 1995). One
of the earliest apoptosis-related genes identified was bcl-2
(Tsujimoto et al., 1984). Bcl-2 functions in oncogenic cells by
inhibiting apoptotic cell death rather than by causing an in-
crease in cell proliferation (Hockenberry et al., 1990; Nuñez et al.,
1990). The anti-apoptotic activity of Bcl-2 has since been demon-
strated widely in various experimental paradigms (for review, see
Reed, 1994).
Bcl-2 is a member of a large family of proteins sharing con-

served sequence motifs (Boise et al., 1993; Reed, 1994). Protein–
protein interactions between Bcl-2 family members in the form of
homo- and heterodimerization seem to determine the susceptibil-

ity of a cell to a given apoptotic stimulus (Reed, 1994). It has been
proposed that Bcl-2 functions via intracellularly generated reac-
tive oxygen species (ROS) (Hockenberry et al., 1993; Kane et al.,
1993; Wiedau-Pazos et al., 1996). Bcl-2, however, prevents apo-
ptosis induced under very low oxygen conditions, suggesting that
the mechanism of Bcl-2 action may not necessarily involve the
regulation of ROS activity (Jacobson and Raff, 1995; Shimizu et
al., 1995). Therefore, despite progress in defining some of the
physiological roles of Bcl-2, the biochemical mechanism of its
action remains unknown.
Demonstration of the close homology of the Caenorhabditis

elegans protein CED-3 to the mammalian cysteine protease
interleukin-1b-converting enzyme (ICE) (Yuan et al., 1993) led to
the discovery of several proteases that are involved in apoptosis. A
number of homologous cysteine proteases, collectively referred to
as the ICE/CED-3 family, have since been identified, and their
pro-apoptotic effects have been demonstrated (for review, see
Martin and Green, 1995). It has been suggested that endogenous
ICE/CED-3 family members are expressed constitutively in an
inactive pro-form in normal cells and that on induction of apop-
tosis, they are processed into an active form involving either
self-proteolysis or cleavage by a related family member by a
poorly understood mechanism (Martin and Green, 1995). Once
activated, ICE/CED-3 proteases seem to cleave specific cellular
proteins. A small number of cellular proteins have so far been
identified as potential substrates for some of the ICE/CED-3
family proteases, but their role(s) in apoptosis remains unclear
(Martin and Green, 1995). ICE and CPP32 show a nearly absolute
requirement for an aspartyl residue at the P1 position of their
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respective substrates (Howard et al., 1991; Nicholson et al., 1995),
which may be shared by the other family members.
In this communication, we demonstrate that the overexpression

of Bcl-2 in the neural cell line GT1-7 inhibits apoptosis induced by
various stimuli by preventing the generation of the activated forms
of the ICE/CED-3 family proteases from inactive pro-forms that
are constitutively expressed.

MATERIALS AND METHODS
Cell cultures. GT1-7 cells (Mellon et al., 1990) were retrovirally infected
with the pBabe-puromycin vector and pBabe-puromycin-Bcl-2 as de-
scribed (Mah et al., 1993). Cells were cultured on poly-L-lysine-coated
tissue culture plates in DMEM containing 10% fetal bovine serum. Cell
extracts were made from cells harvested in the linear growth phase, at
;60-70% confluence. HeLa cells were grown in DMEM containing 10%
fetal bovine serum.
Visualization of apoptotic nuclei. Control and treated cells (see figure

legends) were incubated in DMEM containing 0.5 mg/ml Hoechst 33258
(Sigma, St. Louis, MO) for 20 min. Nuclei were visualized by ultraviolet
epifluorescence and photographed at a 4003 magnification on a Nikon
Stereo inverted microscope. The reagents used in the treatments were
obtained commercially: staurosporine from Sigma, C2-ceramide from
Matreya (Pleasant Gap, PA), and VAD-FMK from Enzyme Systems
Products (Dublin, CA).
DNA fragmentation. Cells resuspended in 100 ml of PBS were lysed by

adding an equal volume of 23 lysis buffer (200 mM HEPES, pH 7.5, 2%
Triton X-100, 400 mM NaCl, 20 mM EDTA). Samples were digested for
45 min at 378C with 5 U of RNase A. Finally, samples were extracted with
phenol-chloroform, and the DNA was precipitated in 70% ethanol. The
pellets were resuspended in 10 ml of water and analyzed on a 2%
agarose/Tris-acetate gel.
Preparation of GT1-7 cell extracts. After two washes in ice-cold PBS,

cells were lysed in cell extraction buffer [100 mM HEPES, pH 7.5, 1%
Triton X-100, 10 mM DTT, 1 mM phenylmethylsulfonyl fluoride (PMSF),
5 mg/ml leupeptin, 1 mg/ml pepstatin A, 1 mM EDTA]. Cell lysates were
incubated on ice for 30 min with intermittent vortexing (four times, 2 sec
each). The lysates were centrifuged at 20,000 3 g for 15 min, and the
supernatant was collected and used without further purification. The
protein concentration of the supernatant was determined by Coomassie
Plus Protein Assay (Pierce, Rockford, IL).
Labeling with the biotinylated inhibitor Tyr-Val-Lys-Asp-(acyloxy)methyl

ketone, biotinylated at the lysine (BIN), of ICE/CED-3 proteases. In a 50 ml
reaction, cell extracts (;1 mg/ml protein) were incubated with 2 mM of a
biotinylated ICE family protease inhibitor for 20 min at 258C with
constant shaking. Reactions were stopped by adding an equal volume of
23 sample buffer (20% glycerol, 3% SDS, 125 mM Tris, pH 6.8, 0.1%
bromophenol blue, 2% b-mercaptoethanol). BIN was a generous gift
from Dr. N. A. Thornberry (Merck Research Laboratories, Rahway, NJ).
Western blotting to visualize BIN-labeled proteins. BIN-labeled cell ex-

tracts were resolved on 15% SDS/polyacrylamide gels and electroblotted
overnight to PVDF membranes (Tropix, Bedford, MA) in 20 mM Tris, pH
8, 150 mM glycine, and 20% methanol. After transfer of proteins, mem-
branes were first incubated at room temperature in blocking buffer [PBS,
0.1% Tween-20, 0.2% I-Block (Tropix)] for 1 hr and then with
streptavidin-alkaline phosphatase conjugate [1:20,000 dilution of
Avidx-AP (Tropix) in blocking buffer] for 1 hr. The blots were washed in
blocking buffer (four times, 5 min each) and then in assay buffer (0.1 M
diethanolamine, 1 mM MgCl2) (two times, 5 min each). The blots were
finally incubated in chemiluminescent substrate solution [0.24 mM CSPD
(Tropix) in assay buffer] for 5 min and exposed to x-ray film (Eastman
Kodak, Rochester, NY).
Asp-Glu-Val-Asp-amino-4-trifluoromethyl coumarin (DEVD-AFC) hy-

drolysis assay. GT1-7 cellular extracts (1 mg/ml) were incubated at 378C
with the fluorogenic substrate z-DEVD-AFC (100 mM) (Enzyme Systems
Products), and the increase in fluorescence versus time was monitored
using a spectrofluorometer (lexcit 5 400 nm, lemis 5 505 nm). The rates
of DEVD-AFC hydrolysis were calculated from the linear region of the
graph.
HeLa nuclei assay in a cell-free system. HeLa cells were lysed with a

Dounce homogenizer in nuclear buffer (NB) (10 mM PIPES, pH 7.4, 10
mM KCl, 2 mM MgCl2, 1 mM DTT, 10 mM cytochalasin B plus protease
inhibitors) and pelleted through a 30% sucrose gradient at 800 3 g for 10
min. The nuclear pellet was resuspended, washed once with NB, and
stored at 220 at a concentration of 5 3 107 nuclei/ml.

GT1-7 cells were washed with PBS and lysed in buffer A (50 mM
HEPES, pH 7.5, 50 mM KCl, 5 mM EGTA, 2 mM MgCl2, 1 mM DTT, 10
mM cytochalasin B, 1 mM PMSF, 5 mg/ml leupeptin, 1 mg/ml pepstatin A)
by a combination of three freeze/thaw cycles and gentle homogenization
in a Dounce homogenizer. Cell lysates were then centrifuged for 30 min
at 20,000 3 g. The supernatants were diluted to 8 mg/ml protein concen-
tration in buffer B (10 mM HEPES, pH 7.5, 50 mM NaCl, 2 mM MgCl2, 5
mM EGTA, 1 mM DTT, 2 mM ATP, 10 mM phosphocreatine, 50 mg/ml
creatine kinase). These extracts were used immediately or stored at
2808C for later use.
In a 30 ml reaction mixture, 1 3 106 HeLa nuclei were incubated at

378C for 2 hr with 10 ml of diluted cytosolic extracts. Nuclei were stained
with 5 mg/ml Hoechst 33342 and examined by fluorescence microscopy.
Nuclei showing the characteristic margination and condensation of the
chromatin were scored as apoptotic. Two hundred nuclei in four inde-
pendent fields were scored for each data point.
RNA isolation and reverse transcription (RT). Total RNA was made

from GT1-7 cells (1 3 106 to 1 3 107 cells) and mouse spleen (0.1 gm)
using the acid guanidinium thiocyanate-phenol-chloroform extraction
method (Chomczynski and Sacchi, 1987) (TriReagent, MRC, Cincinnati,
OH). One hundred fifty picomoles of random deoxynucleotide hexamers
(Pharmacia LKB Biotechnology, Piscataway, NJ) were annealed to 10–20
mg of RNA in RT buffer (50 mM Tris, pH 8.3, 3 mM MgCl2, 75 mM KCl)
for 1 hr at 258C in the presence of RNase inhibitor in a 20 ml reaction
volume. The annealed samples were reverse-transcribed in a 40 ml vol-
ume containing RT buffer (10 mM DTT, 500 nM each dNTP, and 100 U
of SuperScript II reverse transcriptase) (Life Technologies, Gaithersburg,
MD) for 1 hr at 428C. The sample was digested with 2 U of RNase A
(Pharmacia) for 45 min at 378C before use in the PCR. This cDNA
mixture was used without further purification for PCR analysis.
PCR analysis. Oligomers specific for murine ICE (Nett et al., 1992) and

murine Nedd 2 (Kumar et al., 1994) were designed using the published
sequences for the respective cDNAs. The cDNA sequence for murine
CPP32 was kindly provided by Dr. E. S. Alnemri (Thomas Jefferson
University). The oligomers specific for Mch 2 and TX were based on the
reported human cDNA sequences (Faucheu et al., 1995; Fernandes-
Alnemri et al., 1995a). The oligomers listed below were used in the PCR
analysis.

CPP32:
Forward 59-GAGCACTGGAATGTC-39
Reverse 59-ATGAAGAGTTTCGGC-39

ICE:
Forward 59-ACACGTCTTGCCCTCATTATCTGCA-39
Reverse 59-TGTCAGAAGTCTTGTGCTCTGGG-39

Nedd 2:
Forward 59-ATTCAGCACGTACTC-39
Reverse 59-TAGAGTAGTGTGGTC-39

Mch 2:
Forward 59-TTATCATCCAGGCATGT-39
Reverse 59-CATGAGCCGTTCACAGT-39

TX:
Forward 59-ATCATTGTCCAGGCCTGC-39
Reverse 59-CCAGGACACGTTGTGT-39

The 50 ml PCR reaction mixture was composed of the following: 5 ml
of the cDNA mixture, PCR buffer (20 mM Tris, pH 7.5, 2.5 mM MgCl2, 50
mM KCl), 200 mM each dNTP, 0.5 mM each of the forward and reverse
primers, and 1.25 U of AmpliTaq DNA polymerase (Perkin-Elmer, Palo
Alto, CA). The PCR program that was used consisted of 35 cycles of 1
min at 948C, 1.5 min at 558C, and 1.5 min at 728C each, followed by 10 min
at 728C before refrigeration. An 8 ml aliquot of the PCR mixture was
analyzed on an 8% nondenaturing polyacrylamide/Tris-borate gel.
The PCR fragments of interest were cloned into pCR II vector (In-

vitrogen, San Diego, CA); both strands of the insert were sequenced
using the dideoxy chain termination technique (Sanger et al., 1977)
(Sequenase, Version II, USB, Cleveland, OH). The identity of the PCR
fragments generated for the different ICE/CED-3 family member mes-
sages was confirmed by comparing the sequences with reported cDNA or
gene sequences.
Immunoblotting with the Nedd 2 antibody. BIN-labeled GT1-7 cell extracts

were resolved by SDS-PAGE and immunoblotted using the same procedure
used in the Western blotting. After protein transfer, immunoblots were first
incubated at room temperature for 1 hr in blocking buffer. Blots were then
incubated with the rabbit anti-Nedd 2 antibody (Santa Cruz Biotechnology,
Santa Cruz, CA) (1:350 dilution in blocking buffer) overnight at 48C with
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gentle shaking. After washes in blocking buffer (three times, 5 min each), the
blots were incubated for 1 hr at room temperature with anti-rabbit-AP
(Tropix; 1:8000 dilution in blocking buffer). The membranes were then
washed again in blocking buffer (four times, 5 min each), followed by washes
in assay buffer (two times, 5 min each). Finally, the blots were incubated with
the chemiluminescent substrate (see above) for 5 min and visualized by
exposing the blots to x-ray film.

RESULTS
Bcl-2 blocks apoptosis induced by diverse stimuli, including stau-
rosporine (Raff, 1992), ceramide (Obeid et al., 1993), and serum
withdrawal (Raff, 1992) in various types of mammalian cells.
Figure 1 demonstrates that control GT1-7 cells (Fig. 1A, panel 1)
transfected with vector alone undergo apoptosis after treatment
with staurosporine, as judged by two different criteria: nuclear
fragmentation (Fig. 1A, panel 2) and formation of DNA ladders
(Fig. 1B, lane 2). GT1-7 cells overexpressing Bcl-2, extensively
characterized in this laboratory (Kane et al., 1995), showed com-
plete protection from staurosporine-induced apoptosis, as evi-
denced by the lack of the fragmented nuclear morphology (Fig.
1A, panel 3) and DNA laddering (Fig. 1B, lane 3). Pretreatment of
cells with the membrane-permeable, irreversible ICE/CED-3-like
protease inhibitor Val-Ala-Asp-fluoromethyl ketone (VAD-
FMK) (Pronk et al., 1996) was highly effective in preventing
apoptosis in the control cells [Fig. 1, A (panel 4) and B (lane 4)].
Both Bcl-2 and VAD-FMK blocked apoptosis induced by either
ceramide or serum withdrawal (data not shown). These results
indicate that apoptosis in GT1-7 cells requires endogenous ICE/
CED-3 protease activity and that Bcl-2 blocks apoptosis induced
by diverse stimuli.
Thornberry and colleagues (1994) synthesized and used the

tetrapeptide BIN as a potent and irreversible inhibitor of ICE in
human monocytes. BIN reacts covalently with the catalytic site
cysteine and affinity-labels the larger of the two subunits of acti-

vated ICE/CED-3 proteases. The advantages of using BIN are
that (1) it is an irreversible inhibitor and affinity-labels all ICE/
CED-3 family proteases, and (2) on labeling activated ICE/CED-3
members, the biotinylated subunit containing the catalytic site
cysteine can be visualized in a Western blot with a streptavidin-
based probe.

Figure 2. Induction of p17 by different apoptotic stimuli and its inhibition
by Bcl-2. Western blots of BIN-labeled cell extracts made from vector
control and Bcl-2-overexpressing cells treated as indicated. CNTL, Un-
treated cells; STS, staurosporine (0.5 mM, 18 hr); CER, C2-ceramide (50
mM, 18 hr); SFM, serum-free medium (48 hr); VAD-FMK/STS, preincu-
bated with VAD-FMK (100 mM, 1 hr) before staurosporine treatment.

Figure 1. Induction of apoptosis and its inhibition by Bcl-2 and VAD-FMK in GT1-7 cells. A, Nuclear staining of cells with the fluorescent dye Hoechst
33258 after induction of apoptosis. Panel 1, Untreated, vector control cells; panel 2, vector control cells treated with staurosporine (0.5 mM, 18 hr); panel
3, cells overexpressing Bcl-2 treated with staurosporine (0.5 mM, 18 hr); panel 4, vector control cells preincubated with VAD-FMK (100 mM, 1 hr) before
treatment with staurosporine (0.5 mM, 18 hr). Arrow in panel 2 indicates apoptotic nuclei. B, Agarose gel of low molecular weight DNA extracted from
cells as indicated. Lane 1, Untreated, vector control cells; lane 2, vector control cells treated with staurosporine (0.5 mM, 18 hr); lane 3, cells overexpressing
Bcl-2 treated with staurosporine (0.5 mM, 18 hr); lane 4, vector control cells preincubated with VAD-FMK (100 mM, 1 hr) before treatment with
staurosporine (0.5 mM, 18 hr).
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Figure 2 demonstrates that in extracts made from GT1-7 cells
treated with staurosporine or ceramide, or after serum withdrawal,
BIN affinity-labels a 17 kDa protein (p17). p17 was not detected in
samples pretreated with VAD-FMK (Fig. 2) or in samples not
labeled with BIN (data not shown). In cells overexpressing Bcl-2, p17
labeling was not detected, and the cells were resistant to apoptosis
induced by these treatments. Incubation of the apoptotic, control
GT1-7 cell extracts with inhibitors of ICE/CED-3-like proteases,
e.g., iodoacetamide and the cowpox viral protein Crm-A (Ray et al.,
1992; Gagliardini et al., 1994), before labeling with BIN inhibited
the labeling of p17. Inhibitors that have no significant effects
on ICE/CED-3-like proteases, including E-64, L-1-chloro-3-
[4-tosylamido]24-phenyl-2-butanone (TPCK), L-1-chloro-3-[4-
tosylamido]27-amino-2-heptanone (TLCK), PMSF, leupeptin, and
pepstatin A, did not affect the labeling of p17 (data not shown).
Figure 3A shows the results of a time-course experiment in

which extracts prepared from GT1-7 cells treated with staurospor-
ine for various periods of time were BIN-labeled and analyzed by

Western blotting procedures. Extracts from control cells showed
rapid induction of p17, as early as 1 hr after staurosporine treat-
ment, whereas this protein was not detected in extracts made from
staurosporine-treated, Bcl-2-expressing cells after BIN-labeling.
To measure the enzymatic activity of ICE/CED-3 proteases

activated on apoptosis in GT1-7 cells, we used the fluorogenic
substrate DEVD-AFC (Thornberry et al., 1992; Nicholson et al.,
1995). The rate of hydrolysis of DEVD-AFC increased rapidly in
extracts made from staurosporine-treated control GT1-7 cells
(Fig. 3B,a), whereas DEVD-AFC hydrolysis stayed at the same
low level in extracts from staurosporine treated Bcl-2-expressing
GT1-7 cells (Fig. 3B,b). No significant level of DEVD-AFC hy-
drolysis was detected in extracts made from control GT1-7 cells
that had been preincubated with ICE/CED-3 protease inhibitor
VAD-FMK (Fig. 3B,c).
Cell-free systems have been used to reconstitute apoptotic

events in vitro (Earnshaw, 1995). Two hallmarks of apoptosis,
nuclear fragmentation and DNA laddering, as shown in Figure 1,
occurred in vitro when cytosolic extracts prepared from cells
undergoing apoptosis were added to intact nuclei isolated from
healthy cells (Lazebnik et al., 1993). Figure 4A demonstrates that
although cytosols from untreated GT1-7 cells had very little effect
on HeLa nuclei, cytosols prepared from control GT1-7 cells
treated with staurosporine induced a fragmented morphology,
characteristic of apoptosis, in ;38% of the HeLa nuclei. Con-
versely, cytosols prepared from staurosporine-treated GT1-7 cells
overexpressing Bcl-2 had no significant morphological effect on
HeLa nuclei (Fig. 4B). Preincubation of the apoptotic GT1-7
cytosols prepared from the vector controls with either VAD-FMK
or BIN dramatically reduced their ability to induce the morpho-
logical changes in isolated HeLa nuclei (Fig. 4A).
Our results show that ICE/CED-3-like proteases are activated

Figure 3. Time course of p17 induction and DEVD-AFC hydrolysis
during apoptosis. A, Western blot of BIN-labeled cell extracts from vector
control and Bcl-2-overexpressing cells at the indicated times after stauro-
sporine (0.5 mM) treatment. B, ICE/CED-3-like proteolytic activity mea-
sured by DEVD-AFC hydrolysis at the indicated times after staurosporine
(0.5 mM) treatment. a, Vector control cells; b, Bcl-2-overexpressing cells; c,
extracts from staurosporine-treated vector control cells preincubated with
VAD-FMK (100 mM, 15 min) before measurement of DEVD-AFC hy-
drolysis rates.

Figure 4. Cell-free apoptosis and its inhibition by BIN, VAD-FMK, and
Bcl-2. A, Generation of apoptotic HeLa nuclei by incubation with the
following: 1, buffer; 2, extract from untreated vector control cells; 3–7,
extracts from vector control cells treated with staurosporine (0.5 mM, 2 hr);
4–7, staurosporine-treated vector control cell extracts incubated with BIN
or VAD-FMK at the indicated concentrations. B, Generation of apoptotic
HeLa nuclei by incubation with the following: 1, buffer; 2, extract from
untreated Bcl-2-overexpressing GT1-7 cells; 3, extract from Bcl-2-
overexpressing cells treated with staurosporine (0.5 mM, 2 hr).
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rapidly in control GT1-7 cells on the onset of apoptosis. In cells
overexpressing Bcl-2, this activation is inhibited. The data, how-
ever, do not distinguish between the regulation of ICE/CED-3
protease activity by Bcl-2 at the level of transcription, translation,
or post-translational processing. To explore the possibility that
overexpression of Bcl-2 inhibited or significantly altered the ex-
pression of ICE/CED-3 proteases at the mRNA level, total RNA
was prepared from control and Bcl-2-expressing GT1-7 cells and
analyzed by qualitative RT-PCR (Fig. 5). No significant difference
was observed between control and Bcl-2-expressing cells in the
expression of five ICE/CED-3 family members. CPP32, Mch 2,
and Nedd 2 are expressed in both control and Bcl-2-expressing
cells. Only a splice variant form of ICE was found to be expressed
in both the control and Bcl-2-expressing cells. The expected
fragment for TX was not amplified in either control or Bcl-2-
expressing cells, but was present in the control spleen RNA,
suggesting possible absence of TX in neural cells.
To study the regulation of ICE/CED-3 proteases by Bcl-2 at the

translational level, antibodies specific for each ICE/CED-3 family
member can be used in immunoprecipitation or immunoblotting
procedures. We tested commercially available antibodies and
found that the only one that gave clean signals on immunoblots
was an anti-Nedd 2, C-terminal-specific polyclonal antibody. This
antibody recognized pro-Nedd 2 (MW;50 kDa) in extracts made
from control and Bcl-2-expressing GT1-7 cells (Fig. 6). In extracts
made from apoptotic control cells after staurosporine treatment,
the antibody recognized a protein band of ;10-12 kDa (open
arrow), in addition to the 50 kDa pro-form. The appearance of the
10–12 kDa band was accompanied by a concomitant decrease in
the level of pro-Nedd 2, indicating that the 10–12 kDa band was
the smaller subunit of processed Nedd 2. Although the 50 kDa
pro-Nedd 2 band was detected in extracts made from Bcl-2-

expressing cells treated with staurosporine, the smaller band as-
sociated with the processing of pro-Nedd 2 in apoptosing cells was
not detected, indicating that expression of Bcl-2 inhibited the
apoptosis-induced processing of pro-Nedd 2.

DISCUSSION
Our data show that overexpression of Bcl-2 in the hypothalamic
neural cell line GT1-7 protects cells from apoptosis in response to
various death-inducing stimuli. Overexpression of Bcl-2 has been
examined in trigeminal neurons (Garcia et al., 1992; Greenlund et
al., 1995), and it delays but does not block apoptosis induced by
trophic factor deprivation. Survival of ciliary ganglion neurons
after withdrawal of ciliary neurotrophic factor is not altered by
expression of Bcl-2 (Allsopp et al., 1993). PC12 cells transfected
with Bcl-2 are resistant to apoptosis induced by a myriad of stimuli
(Mah et al., 1993). Moreover, transgenic mice overexpressing
Bcl-2 in the nervous system demonstrate decreased neuronal cell
deaths during periods of naturally occurring programmed neuro-
nal death (Martinou et al., 1994). Thus, it seems that Bcl-2 does
not inhibit neuronal apoptosis uniformly, suggesting more than
one cell-death pathway.
We examined whether the ability of Bcl-2 to block apoptosis in

GT1-7 cells is directly or indirectly related to interaction of Bcl-2
with the ICE/CED-3-like family of proteases. Our data show that
ICE/CD-3 proteases are activated rapidly on induction of apopto-
sis and that Bcl-2 blocks this activation. Using an affinity-labeling
technique that labels the catalytic site cysteine, we have identified
a 17 kDa protein that is rapidly induced in extracts of GT1-7 cells
undergoing apoptosis and appears to be larger subunit of the
enzymatically active form of an ICE/CED-3 family member. On
the basis of the molecular weight of p17 (Nicholson et al., 1995;
Tewari et al., 1995; Duan et al., 1996), BIN labeling, processing

Figure 5. Qualitative RT-PCR analysis of five ICE/
CED-3 family members. Total RNA was isolated from
untreated (2) and staurosporine-treated (1) vector con-
trol and Bcl-2-overexpressing cells. Spleen RNA and
cDNA were used as controls. Arrows and numbers on the
right indicate the size and position of the amplification
products. The 570 bp band amplified by the ICE primers
from GT1-7 RNA is an alternately spliced variant of ICE,
containing intron 4, found in GT1-7 cells.
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pattern, and reaction with ICE/CED-3 inhibitors, the most prob-
able precursor for the generation of p17 seems to be CPP32. At
the present time, however, we cannot rule out the possibility that
p17 may be formed partially from some other member(s) of the
ICE/CED-3 family of proteases.
What is clear from our studies is that the overexpression of

Bcl-2 in GT1-7 cells blocks the formation of p17, suggesting a
direct or indirect interaction with the ICE/CED-3-like molecule.
Using a cell-free system, we have reconstituted apoptotic events
and found that the ICE/CED-3-like enzymatic activity level in
apoptotic cytosols was 10-fold higher than in control extracts and
was drastically reduced by pretreatment with either BIN or VAD-
FMK. Overexpression of Bcl-2 in GT1-7 cells displayed a similar
inhibition of enzyme activity, further suggesting an interaction of
Bcl-2 with the ICE/CED-3 family of proteases.
Overexpression of Bcl-2 did not alter the mRNA levels for five

members of the ICE/CED-3 family. RT-PCR analysis revealed
the presence of an alternately spliced variant of ICE mRNA. To
date, the structure of the full-length mRNA from which the 570
bp ICE fragment was amplified has not been established. Alter-
nate splicing for ICE mRNA in GT1-7 cells could represent an
important mechanism that regulates the biological activity of
proteins in a tissue-specific manner. Differential splicing of
mRNAs for members of the ICE/CED-3 family, e.g., Ich 1 (Wang
et al., 1994), ICE (Alnemri et al., 1995), Mch 2 (Fernandes-
Alnemri et al., 1995a), and Mch 3 (Fernandes-Alnemri et al.,
1995b), have been reported. The significance of the differential
splicing of ICE mRNA and the possible cell specificity in neurons
is under further investigation.
The biochemical mechanism(s) by which Bcl-2 inhibits these

proteases is not known. Our data suggest that Bcl-2 may block
apoptosis by preventing processing of the pro-forms of these
proteases into the active forms. This idea is supported by our
results using the Nedd 2 antibody. We demonstrate for the first
time the rapid conversion of pro-Nedd 2 into a shorter, cleaved
form on induction of apoptosis in control cells, whereas this
conversion is blocked in Bcl-2-overexpressing cells. This interpre-
tation is also favored by the fact that in extracts from Bcl-2-
overexpressing cells, p17 is not labeled. In addition, ceramide-
induced apoptosis in T cell lines also demonstrates that Bcl-2
inhibits activation of ICE/CED-3 family proteases (Martin et al.,
1995). Consistent with our observation in neural cells, Chinnaiyan

et al. (1996) recently reported that in Jurkat cells, Bcl-2 and Bcl-x
function upstream of YAMA/CPP32 and ICE-LAP3/Mch3 in
inhibiting apoptosis. Although the activation of ICE/CED-3 fam-
ily proteases has been shown to be a prerequisite for Fas-induced
cell death (Los et al., 1995), conflicting data regarding the ability
of Bcl-2 to block this death pathway have been reported (Martin
et al., 1995; Armstrong et al., 1996; Chinnaiyan et al., 1996).
Granzyme-B has been shown to activate ICE/CED-3 family pro-
teases and induce cell death that is not inhibited by Bcl-2 (Dar-
mon et al., 1995; Quan et al., in press). Our findings are important
in that they suggest that the ICE/CED-3 family of proteases may
be activated in all apoptotic paradigms and that Bcl-2 may par-
ticipate upstream from the action of ICE/CED-3 proteases to
inhibit apoptosis by blocking the post-translational activation of
ICE/CED-3 proteases. Moreover, our results are consistent with
the earlier conclusions based on genetic studies in C. elegans
regarding the ordering of the action of ced-9 and ced-3, the
nematode homologs of Bcl-2 and ICE family proteins (Ellis and
Horvitz, 1986; Yuan et al., 1993; Hengartner and Horvitz, 1994).
Understanding the mechanism of resistance to apoptosis may
prove to be important in understanding neurodegenerative dis-
ease states, in which neurons are susceptible to death, and in the
development of therapeutics that modulate the apoptotic
pathways.
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