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Abstract Caspases have been implicated in the induction of apoptosis in most systems studied. The importance of
caspases for apoptosis was further investigated using the system of didemnin B-induced apoptosis. We found that
benzyloxycarbonyl-VAD-fluoromethylketone, a general caspase inhibitor, inhibits didemnin B-induced apoptosis in
HL-60 and Daudi cells. Acetyl-YVAD-chloromethylketone, a caspase-1-like activity inhibitor, inhibits didemnin
B-induced apoptosis in Daudi cells, whereas the caspase-3-like activity inhibitor, acetyl-DEVD-aldehyde, has no effect.
Using immunoblots to investigate cleavage of caspases-1 and -3, we found that both caspases are activated in both cell
lines. We showed that the caspase substrate poly(ADP-ribose)polymerase is cleaved in these cells after didemnin B
treatment. In both cell lines, poly(ADP-ribose)polymerase cleavage is inhibited by benzyloxycarbonyl-VAD-
fluoromethylketone and also by acetyl-YVAD-chloromethylketone in Daudi cells. These results indicate that a caspase(s)
other than caspase-3 is required for didemnin B-induced apoptosis. We show that caspases may be activated during
apoptosis that are not required for the progression of apoptosis. J. Cell. Biochem. 72:269–278, 1999. r 1999 Wiley-Liss, Inc.
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Didemnin B is a branched cyclic peptolide
that is currently being tested as an anticancer
agent in clinical trials [Shin et al., 1991, 1994].
It has been shown to induce complete apoptosis
rapidly in human promyeloid HL-60 cells
[Grubb et al., 1995], but other cell types, such
as human lymphoblastoid Daudi cells, undergo
apoptosis more slowly (Fig. 1). Because
didemnin B has such an immediate effect on
HL-60 cells growing asynchronously in culture,
we used it as a model system to study the
minimal requirements for apoptosis to occur. It
has been shown that didemnin B causes inhibi-
tion of protein, RNA, and DNA synthesis
[Crampton et al., 1984], albeit at higher concen-
trations than those used in our studies, and
that it requires protein tyrosine kinase activity
to induce apoptosis [Johnson et al., 1996].

Until recently, most studies of apoptosis have
indicated that the apoptotic pathway is specific
for the type of cell and inducing stimulus; how-
ever, it is becoming apparent that all these
different apoptotic pathways are converging

near the endpoint to use the same cellular
components, particularly the caspase family of
proteases. Caspases (cysteine aspartic acid pro-
teases) were first identified to be of importance
for apoptosis because of their similarity to the
CED-3 protein, which is required for pro-
grammed cell death in the nematode Cae-
norhabditis elegans [Yuan and Horvitz, 1990].
CED-3 was found to have sequence homology
with human interleukin-1b (IL-1b-converting
enzyme (ICE) [Yuan et al., 1993]. Subsequently
other human proteases with homology to CED-3
(ICE-like proteases) were identified, which have
recently been renamed as caspases [Alnemri et
al., 1996]. Caspases are synthesized as proen-
zymes that must be cleaved to become acti-
vated. ICE, now known as caspase-1, is cleaved
from a 45-kDa proenzyme to a p10 and p20
subunit. The active enzyme is a tetramer con-
sisting of two p10 and two p20 subunits [Wilson
et al., 1994]. Caspases can cleave and activate
other caspases initiating a proteolytic cascade.
Caspases are also known to cleave many other
substrates during cell death, including poly-
(ADP-ribose)polymerase (PARP), DNA-depen-
dent protein kinase, protein kinase Cd, sterol
regulatory element binding proteins, nuclear
lamins A and C, the 70-kDa component of U1
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small nuclear ribonucleoprotein, and retinoblas-
toma protein [for review, see Porter et al., 1997].
Members of the caspase family have been shown
to be required for apoptosis with few excep-
tions: evidence has been given that cell death
may still occur in the presence of caspase inhibi-
tors, but the DNA fragmentation that is consid-
ered a hallmark for apoptosis is prevented by
these caspase inhibitors [Xiang et al., 1996;
McCarthy et al., 1997].

It was recently shown that apoptosis may
occur in the presence of z-VAD-fmk, indicating
that apoptosis may proceed without activation
of any of the known caspases [Monney et al.,
1998]. Monney and colleagues showed that de-
fects that they generated in the ubiquitin path-
way could induce apoptosis without activation
of caspases-3 or -6 or cleavage of PARP. These
results suggest that apoptosis may bypass
caspase activation. It is becoming clear that
requirement for different caspases depends on
the cell type and the inducer.

Kaufmann et al. [1993] first showed that
poly(ADP-ribose)polymerase, an enzyme be-
lieved to be involved in DNA repair, is cleaved
in cells undergoing apoptosis. Later, CPP32
(caspase-3) was identified as a protease with
ICE (caspase-1) homology, which could cleave
PARP in vitro [Nicholson et al., 1995]. Caspase-3
is a 32-kDa proenzyme which, like caspase-1,

must be cleaved to be activated. It can be cleaved
to a p12 and a p17 subunit. The active enzyme
consists of two p12 subunits and two p17 sub-
units [Nicholson et al., 1995].

To investigate the requirement for caspases
in didemnin B-induced apoptosis we have used
caspase inhibitors and antibodies to caspases-1
and -3 to detect cleavage and consequent activa-
tion of caspases. We also studied the role of
caspases in cleavage of PARP in didemnin B-in-
duced apoptosis using both HL-60 and Daudi cells.

MATERIALS AND METHODS

Didemnin B was kindly supplied by the Na-
tional Cancer Institute (NCI, Bethesda, MD), and
roscovitine was provided by Laurent Meijer
(C.N.R.S., Station Biologique, France). The
caspase inhibitors z-Val-Ala-DL-Asp-fluorometh-
ylketone (z-VAD-fmk), Ac-Tyr-Val-Ala-Asp-chlo-
romethylketone (Ac-YVAD-cmk), and Ac-Asp-
Glu-Val-aspartic acid aldehyde (Ac-DEVD-CHO)
were purchased from Bachem (Bubendorf, Swit-
zerland). Mouse monoclonal anti-PARP (clone
C-2–10) was from Biomol (Plymouth Meeting,
PA). Rabbit polyclonal anti-caspase-1 (p20 sub-
unit) was from Upstate Biotechnology (Lake
Placid, NY). Rabbit polyclonal anti-caspase-3
(p17 subunit) was kindly provided by Donald
W. Nicholson, Merck-Frosst (Quebec, Canada).

Fig. 1. Comparison of time courses of induction of apoptosis
by didemnin B in HL-60 and Daudi cells. HL-60 (a) and Daudi
(b) cells were treated with 1 µM didemnin B (●) or 0.1% ethanol

(vehicle control, j), and percentage apoptosis was determined
as described under Materials and Methods after the indicated
times. Percentage apoptosis is plotted versus time.

270 Johnson et al.



Cell Culture

Human promyeloid HL-60 cells and human
lymphoblastoid Daudi cells were maintained in
RPMI 1640 medium supplemented with 10%
heat-inactivated fetal calf serum (FCS), 100
U/ml penicillin, 100 µg/ml streptomycin, 1 mM
sodium pyruvate, 2 mM L-glutamine, and 5 mM
HEPES (pH 7.4) at 37°C in the presence of 5%
CO2 in a humidified environment.

Quantification of Apoptosis

Treatment of HL-60 or Daudi cells with
didemnin B or roscovitine with or without
caspase inhibitors was performed at a cell den-
sity of approximately 2 3 105 cells/ml. Didemnin
B was dissolved in ethanol; Ac-YVAD-cmk,
z-VAD-fmk, and roscovitine were dissolved in
dimethylsulfoxide (DMSO); andAc-DEVD-CHO
was dissolved in dH2O before dilution in me-
dium. After the indicated period of incubation
with the compounds, 200-µl aliquots of cells
were removed and centrifuged onto glass slides
coated with 0.01% (w/v) poly-L-lysine at 2,000
rpm for 5 min in a cytospin. Cells were then
fixed in ethanol/acetic acid (3:1) for 5 min, rinsed
in dH2O for 1 min, and stained with 1 µg/ml
48,6-diamidino-2-phenylindole (2HCl) for 5 min.
After rinsing in dH2O for 1 min, slides were
mounted using antifading mounting medium
(10 mg/ml p-phenylenediamine in 90% glycerol,
pH 9.0), and nuclear morphology was analyzed
under ultraviolet (UV) light (280 nm), using a
Nikon microphot-FX fluorescence microscope.
The percentage of apoptosis was determined by
counting at least 400 nuclei from each slide.

Immunoblotting for Caspases-1 and -3

HL-60 or Daudi cells (4 3 105) were treated
with didemnin B or roscovitine with or without
caspase inhibitors. After the indicated time of
incubation, cells were washed once in ice-cold
phosphate-buffered saline (PBS), consisting of
8.2 mM Na2HPO4, 1.5 mM KH2PO4, 138 mM NaCl,
2.7 mM KCl (pH 7.4), and pelleted. Cells were
resuspended in 40 µl 50 mM Tris-HCl (pH 7.4), 1%
NP-40, 0.25% sodium deoxycholate, 150 mM NaCl,
1 mM EGTA, 1 mM phenylmethylsulfonyl fluo-
ride, 10 µg/ml aprotinin, 10 µg/ml leupeptin,
1 µg/ml pepstatin A, 1 mM NaF, and then vor-
texed. After 15 min on ice, samples were centri-
fuged for 15 min at 4°C; 4 3 loading buffer was
added to the supernatant to yield a final concentra-
tion of 45 mM Tris-HCl (pH 6.8), 15% glycerol,
1.5% sodium dodecyl sulfate (SDS), 0.001% bromo-

phenol blue, and 1.75% b-mercaptoethanol for anti-
CPP32 blots only), and lysates were incubated at
100°C for 2 min.After determining protein concen-
tration, 20 µl lysate was resolved in a 12% or a
4–20% (Novex, San Diego, CA) sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) before transfer to nitrocellulose or PVDF.
The membrane was blocked in 3% skim milk pow-
der (Bio-Rad, Sydney, Australia) in PBS and incu-
bated with 3 µg/ml anti-caspase-1 or a 1:2,000
anti-caspase-3 dilution in the blocking mixture
followed by a 1:2,000 dilution of anti-rabbit horse-
radish peroxidase (HRP) conjugate (Amersham,
Sydney, Australia) and enhanced chemilumines-
cence (ECL)detection (Amersham,Sydney,Austra-
lia).

Immunoblotting for PARP

HL-60 or Daudi cells (2 3 105) were treated
with didemnin B or roscovitine with or without
pretreatment with caspase inhibitors. At the
end of the incubation periods, cells were washed
once in ice-cold PBS and pelleted. Cells were
resuspended in 100 µl 62.5 mM Tris-HCl (pH
6.8), 6 M urea, 10% glycerol, 2% SDS, 0.003%
bromophenol blue, and 5% b-mercaptoethanol,
and then sonicated for 30 s and incubated at
65°C for 15 min. A total of 50 µl lysate was then
resolved on an 8% SDS-PAGE before transfer to
nitrocellulose. The membrane was blocked in
5% skim milk powder, PBS, and 0.1% Tween-20
and incubated with a 1:5,000 dilution of anti-
PARP in the blocking mixture, followed by
1:2,500 anti-mouse HRP conjugate (Amersham).
PARP was then detected using the enhanced
chemiluminescence (ECL) kit from Amersham.

RESULTS
Induction of Apoptosis by Didemnin B

We have earlier described the very rapid in-
duction of apoptosis in HL-60 cells [Grubb et
al., 1995], which is dependent on protein tyro-
sine kinase(s) [Johnson et al., 1996]. We have
since tested a whole range of blood cell lines,
most of which undergo apoptosis upon exposure
to didemnin B. However, most of these lines
undergo didemnin B-induced apoptosis much
more slowly than do HL-60 cells (unpublished
data). In this study, we have used HL-60 and
Daudi (a human lymphoblastoid cell line) cells.
Whereas HL-60 cells undergo apoptosis to 100%
upon exposure to didemnin B within 2–3 h, only
about 40% of Daudi cells exhibit apoptotic mor-
phology after 8 h of the same treatment (Fig. 1).
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Effects of Caspase Inhibitors on Didemnin
B-Induced Apoptosis

In order to determine whether caspases are
involved in the rapid induction of apoptosis by
didemnin B, HL-60 cells were induced to un-

dergo apoptosis with didemnin B in the pres-
ence of caspase inhibitors. The tripeptide z-VAD-
fmk resembles the cleavage site for caspases
and is believed to be a general caspase inhibitor
with irreversible inhibition [Armstrong et al.,

Fig. 2. Effects of z-VAD-fmk, Ac-YVAD-cmk, and Ac-DEVD-
CHO on didemnin B-induced apoptosis in HL-60 cells. a:
HL-60 cells were pretreated for 1 h with z-VAD-fmk, and
percentage apoptosis was determined after a further 3-h incuba-
tion in the absence (●) or presence (j) of 1 µM didemnin B.
Percentage apoptosis is plotted versus concentration of z-VAD-
fmk. The data represent the mean of at least two experiments
with error bars showing the standard deviation. b: HL-60 cells
were pretreated for 1 h with Ac-YVAD-cmk (circles) or Ac-DEVD-
CHO (squares), and percentage apoptosis was determined after
a further 3-h incubation in the absence (●,j) or presence (C,h)
of 1 µM didemnin B. Percentage apoptosis is plotted versus
concentration of caspase inhibitor. The data represent the mean
of at least two experiments, with error bars showing the standard
deviation.

Fig. 3. Effects of z-VAD-fmk, Ac-YVAD-cmk, and Ac-DEVD-
CHO on didemnin B-induced apoptosis in Daudi cells. a: Daudi
cells were pretreated for 1 h with z-VAD-fmk, and percentage
apoptosis was determined after a further 8-h incubation in the
absence (●) or presence (j) of 1 µM didemnin B. Percentage
apoptosis is plotted versus concentration of z-VAD-fmk. The
data represent the mean of at least two experiments with error
bars showing the standard deviation. b: Daudi cells were pre-
treated for 1 h with Ac-YVAD-cmk (circles) or Ac-DEVD-CHO
(squares), and percentage apoptosis was determined after a
further 8-h incubation in the absence (●, j) or presence (C,h) of
1 µM didemnin B. Percentage apoptosis is plotted versus concen-
tration of caspase inhibitor. The data represent the mean of at
least two experiments, with error bars showing the standard
deviation.
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1996]. HL-60 cells were pretreated with 10, 20,
50, and 100 µM z-VAD-fmk for 1 h, followed by
3-h treatment with 1 µM didemnin B and mor-
phological determination of apoptotic nuclei
(Fig. 2a). Didemnin B induces complete apopto-
sis in HL-60 cells after 3 h, which is fully
inhibited by 100 µM z-VAD-fmk, indicating that
some caspase activity is essential for didemnin
B-induced apoptosis in HL-60 cells. Tetrapep-
tide caspase inhibitors are more specific toward
certain caspases than z-VAD-fmk. Ac-YVAD-
cmk is the most effective peptide inhibitor for
caspase-1 [Thornberry et al., 1992], and Ac-
DEVD-CHO inhibits caspase-3-like activities
[Nicholson et al., 1995]. HL-60 cells were pre-
treated with 100, 200, and 300 µM of either
Ac-YVAD-cmk or Ac-DEVD-CHO, followed
by 3-h treatment with 1 µM didemnin B
(Fig. 2b) to determine whether a caspase-1-like
or caspase-3-like activity is required. Neither
inhibitor significantly inhibited didemnin
B-induced apoptosis.

The same inhibitors were then tested for
their effects on didemnin B-induced apoptosis
in Daudi cells. Daudi cells undergo apoptosis
much more slowly than HL-60 cells treated
with didemnin B, only reaching approximately
50% apoptosis after 8 h. Daudi cells were pre-
treated with 10, 20, 50, and 100 µM z-VAD-fmk
(Fig. 3a) or 100, 200, and 300 µM of either
Ac-YVAD-cmk or Ac-DEVD-CHO (Fig. 3b) as
indicated, followed by treatment with 1 µM
didemnin B for 8 h. In these cells, z-VAD-fmk
inhibits didemnin B-induced apoptosis as in
HL-60 cells however at a lower concentration;
only 50 µM z-VAD-fmk is required to com-
pletely inhibit apoptosis.Ac-YVAD-cmk also sig-
nificantly inhibits didemnin B-induced apopto-
sis in Daudi cells in a concentration-dependent
manner, which indicates that a caspase-1-like
activity is required in Daudi cells. As in HL-60
cells, Ac-DEVD-CHO has no effect.

Because Ac-DEVD-CHO is not as cell perme-
able as the other inhibitors, and the concentra-
tions used have no effect on didemnin B-in-
duced apoptosis, it was tested for its ability to
inhibit apoptosis induced by a drug other than
didemnin B in these cell lines. Roscovitine is a
cyclin-dependent kinase inhibitor [Meijer and
Kim, 1997; Meijer et al., 1997] that can induce
apoptosis in both HL-60 and Daudi cells. HL-60
cells were pretreated for 1 h with 300 µM Ac-
DEVD-CHO, followed by treatment with 100
µM roscovitine or 1 µM didemnin B; the percent-
age of apoptosis was determined after 1, 2, 3,

and 4 h (Fig. 4a). Daudi cells were pretreated
for 1 h with 300 µM Ac-DEVD-CHO, followed
by 8-h treatment with 25 µM roscovitine or 1
µM didemnin B (Fig. 4b). Ac-DEVD-CHO sig-
nificantly inhibited roscovitine-induced apopto-

Fig. 4. Inhibition of roscovitine-induced apoptosis by Ac-
DEVD-CHO in HL-60 and Daudi cells. a: HL-60 cells were
pretreated for 1 h with 300 µM Ac-DEVD-CHO (squares) or
untreated (circles) and percentage apoptosis was determined 1,
2, 3, and 4 h after addition of 100 µM roscovitine (●,j) or 1 µM
didemnin B (C,h). Percentage apoptosis is plotted versus time
after addition of didemnin B or roscovitine. The data represent
the mean of at least two experiments, with error bars showing
the standard deviation. b: Daudi cells were pretreated for 1 h
with 300 µM Ac-DEVD-CHO (samples 2, 4) or untreated
(samples 1, 3) and percentage apoptosis was determined after
8-h treatment with 25 µM roscovitine (samples 1, 2) or 1 µM
didemnin B (samples 3, 4). Percentage apoptosis is plotted
versus the sample. The data represent the mean of at least two
experiments with error bars showing the standard deviation.
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sis in both cell lines, indicating that these cells
are sufficiently permeable to Ac-DEVD-CHO.

Didemnin B-Induced Activation
of Caspases-1 and -3

Caspases are activated by cleavage at a site
that is itself likely to be a substrate for caspases,
indicating that a proteolytic cascade may be
activated during apoptosis [Enari et al., 1996].
The activation of caspases can be detected by
immunoblotting with an antibody to the
caspase, which can also detect its cleavage prod-
uct. The cleavage of procaspases-1 and -3 was
investigated to determine whether these
caspases are activated unspecifically during
didemnin B-induced apoptosis.

HL-60 cells were treated with 1 µM didemnin
B for 1, 2, 3, and 4 h, and an anti-caspase-1 (Fig.
5a) immunoblot was performed as described
under Materials and Methods. Procaspase-1
cleavage, as detected by the appearance of the
20-kDa subunit of the active enzyme, starts to
appear after only 2-h treatment with didemnin
B, indicating that caspase-1 is activated, even
though its activity is not required for didemnin

B-induced apoptosis in HL-60 cells (cf. Fig. 2b).
In Daudi cells treated with 1 µM didemnin B
for 3, 4, 5, 6, and 7 h (Fig. 5a), caspase-1
cleavage starts to occur after 4 h. An anti-
caspase-3 immunoblot (Fig. 6a) was performed
for both cell lines treated under the same condi-
tions as for the anti-caspase-1 immunoblot. Al-
though caspase-3 activity is not required for
didemnin B-induced apoptosis in either cell line,
didemnin B starts to induce some caspase-3
cleavage after 1 h in HL-60 cells, and 3 h in
Daudi cells. Caspase-1 cleavage appears to
progress slightly more slowly than caspase-3
cleavage in both cell lines.

Effects of Caspase Inhibitors on Didemnin
B-Induced Activation of Caspases-1 and -3

Didemnin B-induced activation of caspases-1
and -3 occurs in both cell lines even though the
activities of caspases-1 and -3 in HL-60 cells
and caspase-3 in Daudi cells is not required for
didemnin B-induced apoptosis. To ensure that
the inhibitors act as expected under these con-
ditions, the effects of the caspase inhibitors on
caspase activation were tested.

a

b
Fig. 5. Didemnin B-induced activation of caspase-1 in HL-60
and Daudi cells. HL-60 (lanes 1–5) and Daudi cells (lanes 6–11)
were treated with 1 µM didemnin B for the indicated times and
lysed as described under Materials and Methods, and an anti-
caspase-1 immunoblot was performed. Control cells were un-
treated (lanes 1, 6). a: The 20-kDa cleavage product of caspase-1
appears after 2-h didemnin B treatment in HL-60 cells and after

4-h treatment in Daudi cells. b: Cells were pretreated for 1 h
with 100 µM z-VAD-fmk (lanes 3, 8), 300 µM Ac-YVAD-cmk
(lanes 4, 9), or 300 µM Ac-DEVD-CHO (lanes 5, 10), followed
by 1 µM didemnin B-treatment for 2 h in HL-60 and 4 h in
Daudi cells. Caspase-1 cleavage was inhibited by z-VAD-fmk in
both HL-60 and Daudi cells.
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HL-60 and Daudi cells were pretreated with
100 µM z-VAD-fmk, 300 µM Ac-YVAD-cmk, or
300 µM Ac-DEVD-CHO for 1 h before treat-
ment with 1 µM didemnin B for 2 h or 4 h,
respectively, and anti-caspase-1 (Fig. 5b) and
anti-caspase-3 (Fig. 6b) immunoblots were per-
formed. In HL-60 and Daudi cells, z-VAD-fmk
inhibits the cleavage of caspase-1, but the other
caspase inhibitors have no effect. Caspase-3
cleavage is also partially inhibited by z-VAD-
fmk in HL-60 and Daudi cells. Ac-DEVD-CHO
and Ac-YVAD-cmk have no effect on caspase-3
cleavage.

Cleavage of PARP in Didemnin B-Induced
Apoptosis and Effects of Caspase Inhibitors

PARP cleavage is believed to be a common
occurrence in apoptosis [Kaufmann et al., 1993].
To investigate whether this cleavage occurs in
didemnin B-induced apoptosis, HL-60 and
Daudi cells were treated with 1 µM didemnin B

for 1, 2, 3, and 4 h and 1, 3, 5, and 7 h,
respectively.An anti-PARP immunoblot was per-
formed on lysates prepared as described under
Materials and Methods (Fig. 7a). Cleavage of
PARP starts to appear after 2-h treatment with
didemnin B in HL-60 cells and after 3-h treat-
ment in Daudi cells.

Caspase-3 was originally identified as a
caspase that could cleave PARP in vitro [Nich-
olson et al., 1995]. However, it does not always
appear to be the caspase responsible for cleav-
ing PARP [Fernandes-Alnemri et al., 1995]. The
effect of the caspase inhibitors on cleavage of
PARP was determined by pretreating cells with
100 µM z-VAD-fmk, 300 µM Ac-YVAD-cmk, and
300 µM Ac-DEVD-CHO for 1 h before treating
with 1 µM didemnin B for 3 h in HL-60 cells
or for 5 h in Daudi cells (Fig. 7b). In HL-60
cells, z-VAD-fmk, but not Ac-YVAD-cmk or Ac-
DEVD-CHO, inhibits cleavage of PARP, indicat-
ing that caspases-1 and -3 are not responsible

a

b
Fig. 6. Didemnin B-induced activation of caspase-3 in HL-60
and Daudi cells. HL-60 (lanes 1–5) and Daudi cels (lanes 6–11)
were treated with 1 µM didemnin B for the indicated times and
lysed as described in Materials and Methods, and an anti-
caspase-3 immunoblot was performed. Control cells were un-
treated (lanes 1, 6). a: The 17 kDa cleavage product of caspase-3
starts to appear 1 hour after treatment with 1 µM didemnin B in

HL-60 cells and 3 hours after treatment in Daudi cells. The 32 kDa
and 17 kDa forms of caspase-3 are indicated with arrows. b: Cells
were pretreated for 1 hour with 100 µM z-VAD-fmk (lanes 3, 8), 300
µM Ac-YVAD-cmk (lanes 4, 9), or 300 µM Ac-DEVD-CHO (lanes
5, 10), followed by 1 µM didemnin B-treatment for 2 hours in
HL-60 and 4 hours in Daudi cells. Caspase-3 cleavage was
inhibited by z-VAD-fmk in both HL-60 and Daudi cells.
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for PARP-cleavage. However, in Daudi cells, both
z-VAD-fmk and Ac-YVAD-cmk inhibit cleavage
of PARP, which correlates with their ability to
inhibit apoptosis induced by didemnin B.

For comparison, the effect of roscovitine on
PARP cleavage in Daudi cells was determined.
Daudi cells were treated with 25 µM roscovi-
tine for 1, 3, 5, and 7 h and an anti-PARP
immunoblot was performed (Fig. 8). PARP cleav-
age was evident after 5-h treatment with rosco-
vitine. Daudi cells were then pretreated with
100 µM z-VAD-fmk, 300 µM Ac-YVAD-cmk, or
300 µM Ac-DEVD-CHO, followed by 5-h treat-
ment with 25 µM roscovitine. The anti-PARP
immunoblot presented in Figure 8 shows that
all three caspase inhibitors inhibit roscovitine-
induced cleavage of PARP in Daudi cells. In
roscovitine-induced apoptosis, Ac-DEVD-CHO
inhibits apoptosis and PARP cleavage, whereas
in didemnin B-induced apoptosis, Ac-DEVD-

CHO does not inhibit apoptosis or PARP cleav-
age.

DISCUSSION

The inhibition of didemnin B-induced apopto-
sis by z-VAD-fmk indicates that both HL-60
and Daudi cells require some caspase activity
during apoptosis induced by didemnin B. Be-
cause neither Ac-YVAD-cmk nor Ac-DEVD-
CHO significantly inhibits didemnin B-induced
apoptosis in HL-60 cells, the caspase(s) re-
quired for didemnin B-induced apoptosis in
these cells is most likely not caspase-1 or -3.
However, Figure 2b suggests that it may be a
member of the caspase-1 subfamily, which in-
cludes caspases-1, -4, and -5, since caspase-4
can also be inhibited by Ac-YVAD-CHO, al-
though not as strongly as caspase-1 [Margolin
et al., 1997]. This situation is similar to that in
Fas-mediated apoptosis, which has shown the

a

b
Fig. 7. Didemnin B-induced PARP cleavage in HL-60 and
Daudi cells and effects of caspase inhibitors. (a) HL-60 (lanes
1–5) and Daudi (lanes 6-10) cells were treated with 1 µM
didemnin B for the indicated time and lysed as described in
Materials and Methods, and an anti-PARP immunoblot was
performed. The approximately 85 kDA cleavage product of the
116 kDa PARP appears after 2 h in HL-60 and 3 h in Daudi,

although to a much lesser extent. Control cells were untreated
(lanes 1, 6). (b) HL-60 (lanes 1–5) and Daudi (lanes 6–10) cells
were pretreated for 1 hour with 100 µM z-VAD-fmk (lanes 3, 8)
300 µM Ac-YVAD-cmk (lanes 4, 9), and 300 µM Ac-DEVD-CHO
(lanes 5, 10), followed by didemnin B treatment for 3 h HL-60 and 5
h in Daudi cells. PARP cleavage was inhibited by z-VAD-fmk in
HL-60 and z-VAD-fmk and Ac-YVAD-cmk in Daudi cells.
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ability to occur in some cells in the presence of
inhibitors of caspases-1 and -3 [Darmon and
Bleackley, 1996]. The lack of effect of Ac-DEVD-
CHO on didemnin B-induced apoptosis in Daudi
cells shows that a member of the caspase-3
subfamily is not required for didemnin B-in-
duced apoptosis in these cells either; a member
of the caspase-1 subfamily is required, how-
ever, as Ac-YVAD-cmk does inhibit apoptosis.
These results would suggest that since
caspase-1 and -3 activity is not required for
apoptosis induced by didemnin B in HL-60 cells
and caspase-3 is not required in Daudi cells,
these caspases would not be activated during
didemnin B-induced apoptosis.

However, since caspases-1 and -3 are cleaved
in both cell lines with didemnin B treatment, it
appears that these caspases become activated
whether their activity is required for didemnin
B-induced apoptosis or not, suggesting that ini-
tiation of a caspase cascade may activate
caspases that are not required for apoptosis. At
least in HL-60 cells, some other caspase that is
not downstream from caspases-1 and -3 must
be responsible for apoptosis and may also be
responsible for cleavage of caspases-1 and -3. These
results show that caspases may be activated dur-
ing induction of apoptosis unspecifically.

Examination of the effects of caspase inhibi-
tors on activation of caspases-1 and -3 during
apoptosis showed that the general caspase

inhibitor z-VAD-fmk can inhibit didemnin
B-induced activation of both of these caspases
in both HL-60 and Daudi cells. However, the
caspase-1 and -3 inhibitors have no effect on
activation of caspases-1 and -3. These results
indicate that while caspases-1 and -3 have no
role in the activation of the caspase that is
required for didemnin B-induced apoptosis, this
caspase may be responsible for the cleavage of
caspases-1 and -3 in cells treated with didemnin
B. This result supports the idea that caspases
are activated unspecifically by other caspases
during apoptosis. Wang et al. (1996) suggested
that caspase-3 could be cleaved at different
sites to produce an active enzyme. Interest-
ingly, some partial cleavage of caspase-3 still
occurs in the presence of z-VAD-fmk in HL-60
cells at concentrations sufficient to inhibit apop-
tosis.

Examination of PARP cleavage showed that
PARP is cleaved during didemnin B-induced
apoptosis by some caspase other than a mem-
ber of the caspase-1 or -3 subfamilies in HL-60
cells or by a member of the caspase-3 subfamily
in Daudi cells. The inhibition of PARP cleavage
by z-VAD-fmk in both cell lines and Ac-YVAD-
cmk in Daudi cells suggests that the caspase(s)
required for didemnin B-induced apoptosis ei-
ther cleave PARP themselves or activate a
caspase other than a member of the caspase-3
subfamily that cleaves PARP.

Fig. 8. Roscovitine-induced PARP cleavage in Daudi cells and
effects of caspase inhibitors. Daudi cells were treated with 25
µM roscovitine for indicated time (lanes 2–5) or pretreated for 1
hour with 100 µM z-VAD-fmk (lane 8), 300 µM Ac-YVAD-cmk
(lane 9), or 300 µM Ac-DEVD-CHO (lane 10) followed by
treatment with 25 µM roscovitine for 5 hours. Control cells were

untreated (lanes 1, 6). Cells were lysed as described in Materials
and Methods and an anti-PARP immunoblot was performed.
The 85 kDa cleavage product of PARP appears after 5 hours
treatment with roscovitine, and this cleavage is inhibited by
z-VAD-fmk, Ac-YVAD-cmk, and Ac-DEVD-CHO.
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These results show that different cell types
have different requirements for caspase activ-
ity in didemnin B-induced apoptosis. However,
in both HL-60 and Daudi cells, caspases are
activated that are not required for didemnin
B-induced apoptosis. This activation can be in-
hibited by z-VAD-fmk in both HL-60 and Daudi
cells; however Ac-YVAD-cmk does not inhibit
activation of either caspase-1 or -3 although it
inhibits apoptosis in Daudi cells. Interestingly,
treatment with Ac-YVAD-cmk leads to inhibi-
tion of PARP cleavage in Daudi cells. In this
instance, PARP cleavage correlates better with
apoptosis than activation of caspase-3.

ACKNOWLEDGMENTS

We thank Dr. Laurent Meijer for providing
the roscovitine used in these studies. We also
thank Dr. Donald W. Nicholson for giving us the
anti-caspase-3 antibody and the National Can-
cer Institute for the kind gift of didemnin B.

REFERENCES

Alnemri ES, Livingston DJ, Nicholson DW, Salvesen G,
Thornberry NA, Wong WW, and Yuan J. 1996. Human
ICE/CED-3 protease nomenclature. Cell 87:171.

Armstrong RC, Aja T, Xiang J, Gaur S, Krebs JF, Hoang K,
Bai X, Korsmeyer SJ, Karanewsky DS, Fritz LC, Toma-
selli KJ. 1996. Fas-induced activation of the cell death-
related protease CPP32 is inhibited by Bcl-2 and by ICE
family protease inhibitors. J Biol Chem 271:16850–
16855.

Crampton SL, Adams EG, Kuentzel SL, Li LH, Badiner G,
Bhuyan BK. 1984. Biochemical and cellular effects of
didemnins A and B. Cancer Res 44:1796–1801.

Darmon AJ, Bleackley RC. 1996. An interleukin-1b convert-
ing enzyme-like protease is a key component of Fas-
mediated apoptosis. J Biol Chem 271:21699–21702.

Enari M, Talanian RV, Wong WW, Nagata S. 1996. Sequen-
tial activation of ICE-like and CPP32-like proteases dur-
ing Fas-mediated apoptosis. Nature 380:723–726.

Fernandes-Alnemri T, Takahashi A, Armstrong R, Krebs J,
Fritz L, Tomaselli KJ, Wang L, Yu Z, Croce CM, Salveson
G, Earnshaw WC, Litwack G, Alnemri ES. 1995. Mch3, a
novel human apoptotic cysteine protease highly related
to CPP32. Cancer Res 55:6045–6052.

Grubb DR, Wolvetang EJ, Lawen A. 1995. Didemnin B
induces cell death by apoptosis: The fastest induction of
apoptosis ever described. Biochem Biophys Res Commun
215:1130–1136.

Johnson KL, Vaillant F, Lawen A. 1996. Protein tyrosine
kinase inhibitors prevent didemnin B-induced apoptosis
in HL-60 cells. FEBS Lett 383:1–5.

Kaufmann SH, Desnoyers S, Ottaviano Y, Davidson NE,
Poirier GG. 1993. Specific proteolytic cleavage of poly-

(ADP-ribose) polymerase: An early marker of chemother-
apy-induced apoptosis. Cancer Res 53:3976–3985.

Margolin N, Raybuck SA, Wilson KP, Chen W, Fox T, Gu Y,
Livingston DJ. 1997. Substrate and inhibitor specificity
of interleukin-1b-converting enzyme and related caspases.
J Biol Chem 272:7223–7228.

McCarthy NJ, Whyte MKB, Gilbert CS, Evan GI. 1997.
Inhibition of Ced-3/ICE-related proteases does not pre-
vent cell death induced by oncogenes, DNA damage, or
the Bcl-2 homologue Bak. J Cell Biol 136:215–227.

Meijer L, Borgne A, Mulner O, Chong JPJ, Blow JJ, Inagaki
N, Inagaki M, Delcros J-G, Moulinoux J-P. 1997. Bio-
chemical and cellular effects of roscovitine, a potent and-
selective inhibitor of the cyclin-dependent kinases cdc2,
cdk2 and cdk5. Eur J Biochem 243:527–536.

Meijer L, Kim SH. 1997. Chemical inhibitors of cyclin-
dependent kinases. Methods Enzymol 283:113–128.

Monney L, Otter I, Olivier R, Ozer HL, Haas AL, Omura S,
Borner C. 1998. Defects in the ubiquitin pathway induce
caspase-independent apoptosis blocked by Bcl-2. J Biol
Chem 273:6121–6131.

Nicholson DW, Ali A, Thornberry NA, Vaillancourt JP, Ding
CK, Gallant M, Gareau Y, Griffin PR, Labelle M, Lazeb-
nik YA, Munday NA, Raju SM, Smulson ME, Yamin T, Yu
VL, Miller DK. 1995. Identification and inhibition of the
ICE/CED-3 protease necessary for mammalian apopto-
sis. Nature 376:37–43.

Porter AG, Ng P, Jänicke RU. 1997. Death substrates come
alive. BioEssays 19:501–507.

Shin DM, Holoye PY, Forman A, Winn R, Perez-Soler R,
Dakhil S, Rosenthal J, Raber MN, Hong WK. 1994. Phase
II clinical trial of didemnin B in previously treated small
cell lung cancer. Invest New Drugs 12:243–249.

Thornberry NA, Bull HG, Calaycay JR, Chapman KT,
Howard AD, Kostura MJ, Miller DK, Molineaux SM,
Weidner JR, Aunins J, Elliston KO, Ayala JM, Casano
FJ, Chin J, Ding GJ-F, Egger LA, Gaffney EP, Limjuco G,
Payha OC, Raju SM, Rolando AM, Salley JP, Yamin T,
Lee TD, Shively JE, MacCross M, Mumford RA, Schmidt
JA, Tocci MJ. 1992. A novel heterodimeric cysteine prote-
ase is required for interleukin-1b processing in mono-
cytes. Nature 356:768–774.

Wang X, Zelenski NG, Yang J, Sakai J, Brown MS, Gold-
stein JL. 1996. Cleavage of sterol regulatory element
binding proteins (SREBPs) by CPP32 during apoptosis.
EMBO J 15:1012–1020.

Wilson KP, Black JF, Thomson JA, Kim EE, Griffith JP,
Navia MA, Murcko MA, Chambers SP, Aldape RA, Ray-
buck SA, Livingston DJ. 1994. Structure and mechanism
of interleukin-1b converting enzyme. Nature 370:270–
275.

Xiang J, Chao DT, Korsmeyer SJ. 1996. BAX-induced cell
death may not require interleukin 1b-converting enzyme-
like proteases. Proc Natl Acad Sci USA 93:14559–14563.

Yuan J, Horvitz HR. 1990. The Caenorhabditis elegans
genes ced-3 and ced-4 act cell autonomously to cause
programmed cell death. Dev Biol 138:33–41.

Yuan J, Shaham S, Ledoux S, Ellis HM, Horvitz HR. 1993.
The C. elegans cell death gene ced-3 encodes a protein
similar to mammalian interleukin-1b-converting en-
zyme. Cell 75:641–652.

278 Johnson et al.


	MATERIALS AND METHODS
	Fig. 1.

	RESULTS
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Fig. 7.
	Fig. 8.

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

