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Calpain is a ubiquitous protease with potential involvement in apoptosis. We report that in human mela-
noma cells, cisplatin-induced calpain activation occurs early in apoptosis. Calpain activation and subsequent
apoptosis were inhibited by calpeptin and PD150606, two calpain inhibitors with different modes of action.
Furthermore, cisplatin induced cleavage of the BH3-only protein Bid, yielding a 14-kDa fragment similar to
proapoptotic, caspase-cleaved Bid. However, Bid cleavage was inhibited by inhibitors of calpain, but not by
inhibitors of caspases or of cathepsin L. Recombinant Bid was cleaved in vitro by both recombinant calpain
and by lysates of cisplatin-treated cells. Cleavage was calpeptin sensitive, and the cleavage site was mapped
between Gly70 and Arg71. Calpain-cleaved Bid induced cytochrome c release from isolated mitochondria.
While calpeptin did not affect cisplatin-induced modulation of Bak to its proapoptotic conformation, a
dominant-negative mutant of MEKK1 (dnMEKK) inhibited Bak modulation. dnMEKK did not, however,
block Bid cleavage. The combination of dnMEKK and calpeptin had an additive inhibitory effect on apoptosis.
In summary, calpain-mediated Bid cleavage is important in drug-induced apoptosis, and cisplatin induces at
least two separate apoptotic signaling pathways resulting in Bid cleavage and Bak modulation, respectively.

During apoptosis, the mechanisms for cytochrome c release
from the intermembrane space in mitochondria involve pro-
teins of the Bcl-2 family. In the mitochondrial outer mem-
brane, the proapoptotic functions of Bak and the related Bax
protein depend at least in part on the presence of Bid, a
cytosolic BH3-only protein of the Bcl-2 family. Cleavage of Bid
to the mitochondrially active, truncated form, tBid, is a feature
of caspase-8-mediated apoptosis induced via death receptors
(10, 18). Bid can also be cleaved by caspase-3 in the intrinsic
pathway to apoptosis, which is independent of death receptors
(3, 27). Granzyme B is the third protease shown to cleave Bid
(1). tBid translocates to mitochondria, where it is involved in
oligomerization of Bak and/or Bax leading to cytochrome c
release (6; reviewed in reference 16).

In addition to caspases, apoptosis may involve activation of
other proteases, e.g., cathepsins and calpain. Examples of in-
volvement of calpain in apoptosis include cleavage of p53 (17)
and of Bax, the proapoptotic effect of which is thereby in-
creased (7, 37). Calpain activation may occur downstream of
caspase activation (38), but has also been reported to occur
upstream of caspases in apoptosis induced by ionizing irradi-
ation (30). However, compared to caspases, only little is known
about the roles of calpain in apoptosis.

Cisplatin is a DNA-damaging agent widely used in antican-
cer therapy. In sensitive target cells, it induces apoptosis, which
typically involves cytochrome c release from mitochondria and
the subsequent activation of caspase-9 and -3. It is not known

how cellular signaling from the drug-induced DNA lesions
leads to these execution-phase characteristics of apoptosis, but
involvement of c-Abl and stress-activated protein kinase
(SAPK) pathways has been indicated (14, 22), as has induction
of the expression of Bax in cell lines with retained p53 function
(20). We have reported that cisplatin-induced signaling in-
volves modulation of the mitochondrial Bcl-2 family protein
Bak to a proapoptotic conformation in a panel of melanoma
cell lines (19). Bak modulation was inhibitable by a dominant-
negative mutant of MEKK1, dnMEKK1. Inhibition of Bak
modulation did not completely block caspase activation and
nuclear fragmentation, suggesting that cisplatin activates other
signals in addition to the Bak pathway.

In the course of investigating cisplatin-induced modulation
of Bak, we found that pretreatment of cells with calpeptin, a
calpain inhibitor, inhibited cisplatin-induced apoptosis by ap-
proximately half. This prompted us to further examine cispla-
tin-mediated effects on calpain and, because of its role in
Bak/Bax regulation, Bid. Cisplatin-mediated activation of cal-
pain was found to occur early in the apoptotic process and to
coincide with Bid cleavage. We have here characterized cal-
pain-mediated cleavage of Bid in vitro and in vivo, and we
present evidence that this mechanism is separate from the
dnMEKK-sensitive Bak pathway.

MATERIALS AND METHODS

Cells. A human metastatic melanoma cell line, 224, was used for all experi-
ments and has been described previously, along with three other melanoma cell
lines, with respect to Bak/Bax modulation and other aspects of apoptosis induc-
tion (19). Other cell lines (DFW melanoma, MDA-MB-231 breast carcinoma,
U1285 lung carcinoma, and U266 myeloma cells) were used for some experi-
ments. Cells were maintained at 37°C in 5% CO2 in RPMI medium supple-
mented with fetal calf serum (10%), L-glutamate, penicillin, and streptomycin.
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Assessment of calpain activity in cell lysates and in intact cells. Control and
cisplatin-treated cells were resuspended in cold lysis buffer (10 mM HEPES [pH
7.4], 5 mM MgCl2, 42 mM KCl, 0.32 M sucrose) and lysed by repeated passage
through a 27-gauge syringe. For each sample, 40 �g of protein was incubated
with 150 �M calpain substrate (N-Suc-Leu-Tyr-AMC; Sigma Chemical Co.) in
assay buffer (10 mM HEPES [pH 7.4], 1% Triton X-100, 100 �M CaCl2) at 37°C
for 2 h. In assays with intact cells, control and treated cells were harvested and

incubated for 20 min with cell-permeable calpain substrate Boc-Leu-Met-CMAC
(10 �M; Molecular Probes, Inc.), which fluoresces upon cleavage by calpain.
Intracellular fluorescence was measured by flow cytometry (FACS-Vantage).

Calcium measurement. Cells were treated as indicated and harvested with cell
dissociation solution (Sigma Aldrich), and the suspended cells were then incu-
bated with the Ca2� indicator FLUO-3 (Molecular Probes, Inc.) for 60 s. The
intracellular Ca2� levels, seen as fluorescent signal, were then assessed by flow

FIG. 1. Calpain activation. Calpain activation by cisplatin was studied in human melanoma 224 cells (A to C) and U1285 lung and MDA-
MB-231 breast carcinoma (D) cells. After the indicated treatments in the presence or absence of the calpain inhibitor calpeptin (10 �M), calpain
activity in cell lysates (A, C, and D) or in intact cells (B) was measured with substrates that become fluorescent after cleavage by calpain. Results
are shown as fold activation of calpain compared to activity in untreated controls. (A) Lysates of cells treated with 20 �M cisplatin for the indicated
time periods were incubated with N-Suc-Leu-Tyr-AMC, and the resulting fluorescence was assessed fluorimetrically. The effect of cotreatment with
BAPTA-AM (10 �M) is also shown. (B) Cells were treated with 20 �M cisplatin for the indicated time periods and were then incubated further
with cell-permeable Boc-Leu-Met-CMAC for 20 min. Fluorescence was assessed by flow cytometry. (C) Cells were treated with etoposide (15 �M)
or camptothecin (1.6 �M) in the presence or absence of calpeptin. Calpain activity was assessed in lysates after 5 h. (D) Lung (U1285) and breast
(MDA-MB-231) carcinoma cells were treated with 25 and 40 �M cisplatin, respectively, in the presence or absence of calpeptin. Calpain activity
was assessed in lysates after 5 h.
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cytometry with the FL1 channel. Data are presented as fold increase in fluores-
cence compared to that in untreated cells.

Assessment of apoptosis. Cells were harvested with cell dissociation solution,
resuspended in 50 to 100 �l of hypotonic salt solution with 30 mM glycerol, and
smeared on glass slides. Air-dried smears were fixed in acetone-methanol (2:1)
for 5 min and then covered with ethidium bromide (5 ng/ml in distilled water) for
5 min. After rinsing in tap water, stained cells were examined by UV microscopy.
At least 200 cells per sample were counted, and the percentage of cells with
fragmented nuclei was assessed in each sample.

Apoptosis was also assessed by quantitation of DEVDase activity against the
Ac-DEVD-AMC substrate, which fluoresces upon cleavage by DEVDase
(CaspACE assay; Promega). Harvested cells were washed in ice-cold phosphate-
buffered saline (PBS) and resuspended in lysis buffer (25 mM HEPES [pH 7.5],
5 mM MgCl2, 5 mM EDTA, 5 mM dithiothreitol [DTT], 2 mM phenylmethyl-
sulfonyl fluoride [PMSF], 10 �g each of pepstatin and leupeptin per ml). Cells
were lysed by three cycles of freeze-thawing in liquid N2. Lysates were centri-
fuged (16,000 � g, 20 min), and caspase activity in supernatants was assayed
according to the manufacturer’s instructions. Addition of DEVD-CHO to sam-
ples with caspase activity abrogated the whole signal.

Loss of mitochondrial membrane potential as an indication of apoptosis was

also assessed. Cells were incubated with 25 nM TMRE (tetramethylrhodamine
ethyl ester; Molecular Probes, Inc.) for 30 min, washed and resuspended in PBS
containing 25 nM TMRE. Changes in mitochondrial membrane potential (��)
were detected by flow cytometry.

Calpain-mediated cleavage of Bid. The presence of full-length and truncated
Bid in cell extracts was analyzed by Western blotting with an anti-Bid antibody
(Cell Signaling Technology) that recognizes both full-length and cleaved frag-
ments of human Bid. For in vitro cleavage experiments, bacterially expressed
human glutathione S-transferase (GST)-bound Bid was coupled to glutathione-
Sepharose beads (Amersham Pharmacia Biotech AB). GST-Bid beads (100 �g
of GST-Bid) were incubated for 10 to 60 min at 37°C with 10 �g of recombinant
m-calpain (Calbiochem) in cleavage buffer (20 mM HEPES [pH 7.5], 50 mM
KCl, 2 mM MgCl2, 1 mM DTT, 5 mM CaCl2) in the presence or absence of 10
�M calpeptin. A similar calpain activity in cell lysates was examined by incubat-
ing beads (10 �g of GST-Bid) with 500 �g of cell extract for 60 min at 37°C.
Extracts were made from control and cisplatin-treated cells (20 �M, 5 h), as well
as from cells cotreated with cisplatin and 10 �M calpeptin. After each incubation
with beads, supernatants were collected, and the presence of Bid fragments was
identified by Western blotting. For identification of the cleavage site, C-terminal
Bid fragments of recombinant calpain-cleaved Bid were eluted from the mem-
brane and subjected to NH2-terminal Edman degradation.

Expression of dnMEKK1. An adenovirus vector system for the inducible
expression of a 37-kDa dnMEKK1 mutant (with a K432M point mutation) was
prepared and used as described earlier (19). To induce dnMEKK1 expression,
doxycycline (1 �M) was added to infected cells 20 h prior to cisplatin treatment.

Isolation of mitochondria and analysis of cytochrome c release. Cells were
resuspended in buffer A (250 mM mannitol, 70 mM sucrose, 0.5 mM EGTA, 5 mM
HEPES [pH 7.2], 0.1 mM PMSF) and lysed in a glass homogenizer. Homogenates
were centrifuged at 1,000 � g for 10 min. The supernatant was then centrifuged at
10,000 � g for 30 min, and the mitochondrial pellet was resuspended in buffer B (250
mM sucrose, 10 mM HEPES [pH 7.5], 2 mM KH2PO4, 5 mM sodium succinate, 25
mM EGTA, 0.1 mM PMSF, 4 mM MgCl2). Mitochondria (85 �g of protein) were
left untreated or incubated either with full-length Bid or calpain-cleaved Bid (7 �g)
for 40 min at 30°C. Calpeptin (10 �M) was added to prevent possible effects of
calpain on mitochondrial membrane proteins. After incubation, supernatants were
separated from mitochondria by centrifugation at 10,000 � g for 10 min and ana-
lyzed for the presence of cytochrome c by Western blotting (antibody from PharM-
ingen, Intl.). Lack of mitochondrial contamination in supernatants was confirmed
with an anti-Cox IV antibody (Molecular Probes, Inc.).

Flow cytometric analysis of Bak-associated immunofluorescence. Upon induc-
tion of apoptosis, the proapoptotic Bak protein undergoes a conformational
change that exposes an otherwise inaccessible N-terminal epitope (9). In the
present study, we have used the same antibody that was shown to specifically
recognize this epitope (amino acids 1 to 52 of Bak; Oncogene Research Prod-
ucts; no. AM03). By using a fluorescein isothiocyanate (FITC)-conjugated sec-
ondary antibody, the increases in accessibility of the epitope were monitored by
flow cytometry as described earlier (19). Data are presented as fold increase in
immunofluorescence from control levels.

RESULTS

Cisplatin induces calpain activation via increased intracel-
lular Ca2�. The human melanoma cell line 224 was treated
with 20 �M cisplatin. At different time points posttreatment,

FIG. 2. Cisplatin induces increased intracellular calcium levels.
Human 224 melanoma cells were treated with cisplatin (20 �M) for the
indicated time periods in the presence or absence of BAPTA-AM (10
�M). Intracellular Ca2� levels indicated by FLUO-3 fluorescence were
then assessed by flow cytometry.

TABLE 1. Summary of effects of inhibitors on cisplatin-induced apoptosis and Bid cleavage

Inhibitor Protease inhibited Concn (�M) Inhibition of apoptosis
(% inhibition)a

Inhibition of Bid
cleavage

Calpeptin Calpain 10 52 Yes
PD150606 Calpain 20 45 Yes
BAPTA-AM (calcium chelator) 10 55 NDb

NSIT Cathepsin L 5 0 No
IETD-fmk Caspase-8 10 0 No
DEVD-fmk Caspase-3 10 50 No
dnMEKK1 NAc NA 47 No

a Apoptosis was assessed as the percentage of cells with fragmented nuclei at 16 h of cisplatin treatment (20�M). Figures represent the averages of two to five
experiments with each agent.

b ND, no data.
c NA, not applicable.
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FIG. 3. Calpeptin inhibits cisplatin-induced apoptosis. Cells (224 cells in panels A to D and U1285 and MDA-MB-231 cells in panel E) were
treated with cisplatin (20 �M in panels A to C and as indicated in panels D and E) for different time periods with or without calpeptin (10 �M).
(A) Apoptosis quantitated as percentage of cells with fragmented nuclei. Data are from four experiments. (B) Apoptosis quantitated as fold
activation of DEVDase activity. Data from two experiments are shown. (C) Effects of late and early addition of calpeptin on apoptosis, seen as
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calpain activity was assessed in cell lysates as well as in intact
cells with two different fluorigenic calpain substrates (Fig. 1A
and B). Cisplatin treatment for 1 h did not yield calpain acti-
vation, while a more than twofold induction was observed at 3
and 5 h, and the activity then decreased somewhat (Fig. 1A).
Because calpain may be activated by association with mem-
brane phospholipids, we also assessed calpain activity in situ.
Intact cells were briefly incubated with a cell-permeable sub-
strate, and the resulting fluorescence was analyzed by flow
cytometry. A 2.2-fold induction was observed at 5 h by this
method (Fig. 1B). In both assays, activation was blocked by
cotreatment with calpain inhibitor calpeptin (10 �M) (Fig. 1A
and B). Calpain activation was blocked also by Ca2� chelator
BAPTA-AM (Fig. 1A), in accordance with a role for Ca2� in
calpain activation (see below). BAPTA-AM was furthermore
found to inhibit cisplatin-induced apoptosis to the same extent
as calpeptin (Table 1 [and see below]).

We also assessed the effect of other DNA-damaging agents
on calpain activation. Lysates of 224 cells treated with camp-
tothecin (1.6 �M) or etoposide (15 �M) for 5 h showed calpain
activation levels (Fig. 1C) that correlated with apoptosis in-
duced by either dose (see below). Calpeptin inhibition of the
activation confirmed the specificity of the assay (Fig. 1C).

Finally, we examined cisplatin-induced calpain activation in
other cell types. U1285 lung carcinoma cells and MDA-MB-
231 breast carcinoma cells were treated with 25 and 40 �M
cisplatin, respectively, and calpeptin-inhibitable calpain activa-
tion was seen after 5 h of treatment (Fig. 1D).

Although other factors are likely also involved in the phys-
iological activation of calpain, activation requires increased
Ca2� levels, which in vitro are in the millimolar range for the
m-calpain isoform and in the micromolar range for �-calpain
(4). Using FLUO-3-AM, a cell-permeable Ca2� indicator
(Molecular Probes), we then examined the effect of cisplatin
treatment on intracellular Ca2�. After 1 h of cisplatin treat-
ment, intracellular Ca2� had increased by 50% (Fig. 2), and
this response thus preceded activation of calpain. As expected,
the increase in Ca2� was abrogated by Ca2� chelator
BAPTA-AM (10 �M) (Fig. 2). Treatment with Ca2� iono-
phore ionomycin (10 �M, 20 min) similarly induced a 1.5-fold
increase in Ca2�, and in accordance with a requirement for
Ca2� in calpain activation, treatment with ionomycin resulted
in a 1.7-fold increase in calpain activity (data not shown).

Other candidate mediators of calpain activation and/or in-
creased intracellular Ca2� include reactive oxygen (13) and
nitric oxide (8). We found that the reactive oxygen scavenger
NAC, the nitric oxide antagonist PTIO, and the nitric oxide
synthase inhibitor L-NNMA did not inhibit cisplatin-induced
calpain activation (data not shown).

Inhibitors of calpain, but not of cathepsin L, inhibit cispla-

tin-induced apoptosis. The effect of calpeptin on cisplatin-
induced apoptosis was then studied in 224 cells. At 16 h post-
treatment, apoptosis seen as nuclear fragmentation was
inhibited by calpeptin cotreatment (Fig. 3A). In accordance
with its effect on calpain activity and with a role for calpain in
cisplatin-induced apoptosis, BAPTA-AM also inhibited apo-
ptosis (Table 1). Calpeptin inhibition of apoptosis at different
time points was corroborated by a DEVDase/caspase-3 enzy-
matic activity assay (Fig. 3B). The sensitivity of cisplatin-in-
duced apoptosis to calpain inhibition was also tested with
PD150606, another calpain-specific inhibitor with a different
mode of action. Whereas calpeptin acts on the active site of
calpain, PD150606 blocks its calcium-binding site (31). Co-
treatment of cells with PD150606 was found to inhibit cispla-
tin-induced apoptosis, similar to calpeptin (Table 1). Because
calpeptin may inhibit cathepsin L (34), a protease with a po-
tential role in apoptosis, the effects of cathepsin L inhibitor
NapSul-Ile-Trp-CHO (NSIT; 0.5, 1, and 5 �M) were also in-
vestigated. NSIT did not affect cisplatin-induced apoptosis
(Table 1).

To confirm that early activation of calpain plays a role in
cisplatin-induced apoptosis, calpeptin was added 8 h after cis-
platin addition. This treatment did not affect apoptosis as-
sessed at 20 h (Fig. 3C), showing that calpain is required early
in the apoptotic process. In another experiment, cells were
treated for 8 h with cisplatin in the presence or absence of
calpeptin, after which both drugs were removed. Also with this
protocol, calpeptin treatment inhibited apoptosis at 20 h by
more than half (Fig. 3C), showing that inhibition of calpain
early in the apoptotic process is sufficient to inhibit apoptosis.

In accordance with calpain involvement in apoptosis induced
by camptothecin and etoposide, calpeptin cotreatment was
found to inhibit apoptosis induced by these two agents (Fig.
3D).

We also examined the role of calpain in cisplatin-induced
apoptosis in other tumor cell lines. Similar to the results seen
with the 224 melanoma cell line and with DFW, another hu-
man melanoma cell line (data not shown), cisplatin-induced
apoptosis was inhibited by calpeptin both in U1285 lung car-
cinoma cells and in MDA-MB-231 breast carcinoma cells (Fig.
3E).

Cisplatin induces calpain-mediated Bid cleavage. BH3-only
proteins are implicated as essential regulators of apoptosis
(12). The BH3-only protein Bid has a key role in apoptotic
signaling, by virtue of its ability to induce the proapoptotic
functionality of Bak and Bax, leading to cytochrome c release
(16). By Western blot analysis, we found that in 224 cells,
cisplatin induced Bid cleavage at 7 h posttreatment (Fig. 4A).
Quantification by laser densitometry showed that the more
than two- and fivefold increases in tBid at 7 and 16 h, respec-

nuclear fragmentation. Bars: 1, control; 2, cisplatin for 20 h; 3, cisplatin for 20 h with calpeptin present throughout; 4, cisplatin for 20 h with
calpeptin added at 8 h; 5, cisplatin for 8 h and, after rinsing, continued incubation in fresh medium until 20 h; 6, cisplatin and calpeptin for 8 h
and, after rinsing, continued incubation in fresh medium until 20 h. This experiment was repeated with similar results. (D) 224 cells were treated
with etoposide (15 �M) or camptothecin (1.6 �M) in the presence or absence of calpeptin for 20 h. Apoptosis was quantitated as the percentage
of cells with fragmented nuclei. (E) U1285 lung carcinoma cells were treated with 15 and 25 �M cisplatin, and MDA-MB-231 breast carcinoma
cells were treated with 20 and 40 �M cisplatin for 20 h in the presence or absence of calpeptin. Apoptosis was quantitated as the percentage of
cells with fragmented nuclei. The high basal level of apoptosis in U1285 is normal for this cell line.
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tively, were abolished by cotreatment with calpeptin (Fig. 4A).
Calpain involvement was corroborated by the second calpain
inhibitor used, PD150606, which also blocked Bid cleavage
(Table 1). The specificity for calpain was also indicated by the
findings that Bid cleavage was not inhibited by inhibitors of
either cathepsin L or DEVDase/caspases-3 and -7 (Table 1 and
Fig. 4B). The functionality of DEVD-fmk was confirmed by its
ability to partially block apoptosis (Table 1). Furthermore, Bid
cleavage was not blocked by dnMEKK1 (Fig. 4B). Finally,
cisplatin-induced Bid cleavage was seen in caspase-3-deficient
MCF-7 breast carcinoma cells (data not shown).

In death receptor-mediated cell death, Bid is cleaved by
caspase-8 to generate two forms of truncated Bid (p15-Bid and
p13-Bid) (3). We have not observed any activation of caspase-8
by cisplatin (not shown). Furthermore, a caspase-8 inhibitor
(IETD-fmk) did not affect cisplatin-induced Bid cleavage (Fig.
4C) or apoptosis (Table 1 and Fig. 4D). The functionality of
IETD-fmk was demonstrated by its ability to inhibit tumor
necrosis factor alpha (TNF-�)-induced apoptosis (Fig. 4D).

Calpain cleaves Bid between Gly70 and Arg71. Human re-
combinant full-length Bid was expressed as a GST fusion pro-
tein (GST-flBid; approximately 46 kDa) and bound to gluta-
thione-Sepharose beads. In order to investigate calpain
cleavage of Bid, recombinant human m-calpain was incubated
for various time intervals (10 to 60 min) with GST-flBid beads.
After incubation, proteins released from the beads into the
supernatant were analyzed by Western blotting with a poly-
clonal antibody that recognizes both full-length and cleaved
Bid. Efficient Bid cleavage was seen at all time points; in the
subsequent experiments, samples were incubated for 30 min.

Analysis of the supernatants showed a cleavage product that
comigrated with the 14.3-kDa marker, along with a 21-kDa
protein (Fig. 5A). Coincubation of samples with calpeptin (10
�M) prevented the appearance of both these bands (Fig. 5A).
Some flBid was also released (Fig. 5A), likely due to the DTT-
containing buffer. GST-flBid beads were similarly incubated
with lysates of cells treated with cisplatin for 5 h. Lysate-
mediated cleavage resulted in bands that comigrated with
those induced by recombinant calpain (Fig. 5B). Calpeptin
pretreatment inhibited lysate-mediated Bid cleavage (Fig. 5B),
indicating that endogenous, cisplatin-activated calpain cleaves
Bid.

Release of a 21-kDa product indicated that calpain may

FIG. 4. Cisplatin induces calpeptin-sensitive Bid cleavage. 224 cells
were treated with 20 �M cisplatin for the indicated time periods in the
presence or absence of inhibitors. Cleavage of full-length 21-kDa Bid
to a 14-kDa truncated form was analyzed by Western blotting of cell
lysates. Tubulin (�-tub.) or GAPDH was used as a loading control.
(A) Cells were treated with cisplatin in the presence or absence of
calpeptin (10 �M) as indicated. Also shown are the relative levels of
tBid as assessed by laser densitometry and corrected for loading in-
equalities. (B) Cells were treated with cisplatin for 16 h in the presence

or absence of inhibitors. (Upper panel) Lanes: 1, control; 2, cisplatin;
3, cisplatin and DEVD-fmk (10 �M); 4, cisplatin and NSIT (0.5 �M);
5, cisplatin and NAC (5 mM); 6, cisplatin and dnMEKK1. An irrele-
vant slot has been removed between slots 4 and 5; thus, all samples are
on the same filter. (Lower panel) Lanes: 1, control; 2, cisplatin; 3,
cisplatin and calpeptin; 4, cisplatin and DEVD-fmk (10 �M). Lanes 5
to 7 show the results of the same experiment, but with a different filter:
5, cisplatin and calpeptin; 6, cisplatin and DEVD-fmk; 7, cisplatin and
dnMEKK1. The relative tBid induction levels are also indicated.
(C) Cells were treated with cisplatin for 16 h in the presence or
absence of caspase-8 inhibitor IETD-fmk (10 �M) or calpeptin. The
effects on Bid cleavage were analyzed by Western blotting. (D) The
effect of IETD-fmk (10 �M) on cisplatin-induced (20 �M, 20 h) apo-
ptosis was examined, and to ascertain the efficiency of the inhibitor, it
was also used to block TNF-�-induced apoptosis. Cells were treated
with TNF-� (30 and 60 ng/ml, 24 h, in combination with cycloheximide
at 10 �M) in the presence or absence of IETD-fmk (10 �M).
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cleave GST-flBid either near the N-terminal of Bid, in GST, or
in the linker region; none of these products is likely to have a
tBid-like effect on cytochrome c release (see Discussion). In
contrast, the size of the smaller product is similar to that of
caspase-cleaved Bid (14 kDa and 13 to 15 kDa, respectively).

In order to identify the calpain cleavage site, the 14-kDa
fragment was eluted from the polyvinylidene difluoride mem-
brane and subjected to five cycles of N-terminal sequencing.
The cleavage site was thereby mapped between Gly70 and
Arg71 in human Bid (Fig. 5C). The cleavage sites of caspase-8,
which have previously been mapped to Asp59/Gly60 (in p15-
Bid) and Asp75/Ser76 (in p13-Bid) (10), are also indicated.

Calpain-cleaved Bid induces cytochrome c release from mi-
tochondria. Cleavage of Bid by caspases increases its ability to
lead to release of cytochrome c from mitochondria (3). To
examine whether cleavage of Bid by calpain has the same
effect, mitochondria were isolated from 224 cells and incubated
for 30 min with 7 �g of either flBid or of cleaved Bid obtained

from GST-flBid cleavage by recombinant calpain. Nontreated
mitochondria retained all cytochrome c (Fig. 6A, lane 1),
whereas recombinant full-length Bid induced some cyto-
chrome c release into the supernatant (Fig. 6A, lane 2), con-
sistent with previous reports (26). In contrast, calpain-cleaved
Bid resulted in a complete loss of cytochrome c from mito-
chondria (Fig. 6A, lane 3).

In intact cells, cisplatin induced cytochrome c release from
mitochondria, as evidenced by analysis of cytochrome c levels
in cytosol fractions of cell lysates (Fig. 6B). This release was
blocked in cells cotreated with calpeptin (Fig. 6B).

Evidence for two separate signaling pathways. tBid has been
reported to stimulate the formation of Bak oligomer pores in
the mitochondrial membrane, which likely constitute a means
for cytochrome c release (35). tBid might therefore be neces-
sary for the required conformational modulation of Bak. To
examine this possibility, we made use of our earlier finding that
cisplatin induces modulation of Bak (19). This modulation is
assessed with an antibody recognizing a specific N-terminal
epitope that is exposed only when Bak is in its proapoptotic
conformation (9). Modulation is quantitated with a fluorescent
secondary antibody and subsequent flow cytometry analysis.
The results showed that although calpeptin blocked cisplatin-
induced Bid cleavage, calpeptin had no effect on cisplatin-
induced Bak modulation (Fig. 7A). Similarly, calpeptin did not
affect Bak modulation induced in U266 myeloma cells by geno-
toxic doxorubicin treatment (not shown).

We have earlier shown that dnMEKK1 inhibits the cisplatin-
induced modulation of Bak and apoptosis by approximately 50%
(19). Cisplatin-induced Bid cleavage was therefore examined in
cells induced to express adenovirus-encoded dnMEKK1. Expres-

FIG. 5. Calpain cleavage of Bid in vitro. (A) GST-flBid (100 �g, 46
kDa), coupled to glutathione-Sepharose beads, was incubated for 30
min with human recombinant m-calpain (10 �g) as indicated. Calpep-
tin (10 �M) was added to the incubation mixture where indicated. The
material released into the supernatants was analyzed by Western blot-
ting for the presence of Bid fragments. This cleavage reaction was used
to prepare protein for N-terminal sequencing. (B) GST-flBid (10 �g,
46 kDa), coupled to glutathione-Sepharose beads, was incubated for
60 min with lysates (500 �g) from cells treated with cisplatin. The
material released into the supernatants was analyzed by Western blot-
ting for the presence of Bid fragments. The left lane was loaded with
supernatant from beads incubated with cleavage buffer only. (C) Rep-
resentation of the GST-flBid protein and partial amino acid sequence
showing the calpain cleavage site located N terminally of the BH3
domain. Reported caspase-8 cleavage sites are also indicated (10).

FIG. 6. Calpain-cleaved Bid induces cytochrome c release from
isolated mitochondria. (A) Mitochondria (85 �g of protein) isolated
from 224 human melanoma cells were incubated with 7 �g of GST-
flBid or cleaved Bid obtained from GST-flBid cleavage by recombinant
calpain. After 40 min, the presence of cytochrome c in mitochondria
and in the supernatant was assessed by Western blotting (42 �g/lane
for mitochondrial samples, and 8 �l, or half the total volume, of each
supernatant). Lack of mitochondrial contamination in the supernatant
was confirmed with an antibody against mitochondrial COX subunit
IV (not shown). Lanes: 1, control mitochondria and supernatant; 2,
mitochondria treated with GST-flBid and the resulting supernatant; 3,
mitochondria treated with calpain-cleaved Bid and the resulting su-
pernatant. (B) Cytochrome c levels in cytosols prepared from control
cells (lane 1) and cells treated with cisplatin (20 �M, 17 h) in the
absence (lane 2) or presence (lane 3) of calpeptin. The relative
amounts are indicated, as assessed by laser densitometry scanning and
corrected for loading.

VOL. 22, 2002 CISPLATIN-ACTIVATED CALPAIN, Bid, AND Bak 3009



sion of dnMEKK1 did not inhibit Bid cleavage, showing that
dnMEKK1 does not act upstream of Bid cleavage (Fig. 4B).

These data suggested that the calpeptin- and dnMEKK-
sensitive pathways are independent of each other. We there-
fore examined whether cotreatment with both agents has an
additive inhibitory effect on apoptosis. This was found to be the
case (Fig. 7B).

Calpeptin does not inhibit cisplatin-induced ��. The abil-
ity of Bid to cause cytochrome c release is independent of
mitochondrial permeability transition (MPT), i.e., loss of mi-
tochondrial inner membrane potential �� (15, 26, 29). We
therefore investigated the effect of calpeptin on cisplatin-in-
duced loss of ��, seen as an increase in the population of cells
with loss of TMRE staining of mitochondria. In a time course
experiment, calpeptin had no effect on cisplatin-induced loss of
��, despite its inhibitory effect on apoptosis (Fig. 8A).

The role of loss of �� is generally studied with MPT inhib-
itor bongkrekic acid (BA) or cyclosporin. In distinction to
calpeptin, BA inhibited cisplatin-induced loss of �� at 16 h
and, similar to calpeptin, reduced nuclear fragmentation (Fig.
8B). It should be noted that BA had a toxic effect of its own
(Fig. 8B). Taking into account the toxic effect of BA, the
combination of BA and calpeptin had an additive inhibitory
effect on nuclear fragmentation (Fig. 8B). In contrast, the
combination treatment did not augment the loss of membrane
potential. A similar trend was seen also with cyclosporin (data
not shown).

DISCUSSION

Calpain is a ubiquitous cysteine protease with two major
isoforms—m- and �-calpain—which has recently been shown
to be activated by a number of apoptosis-inducing agents, such
as IR, etoposide, or staurosporine (7, 33, 34). The potential
role of calpain in apoptosis is also indicated by the growing list
of calpain substrates, including p53, I�B, PARP, and several
cytoskeletal proteins (11, 17, 23). Likewise, calpain-mediated
cleavage of Bax promotes the proapoptotic effect of Bax (37),
and calpain cleavage of pro-caspase-7 and pro-caspase-3 leads
to activation of these proteases (2, 25). Although the two major
isoforms are known to differ in their calcium requirement for
activation in vitro, the 30-kDa regulatory subunit is common to
both isoforms. The isoform of importance for apoptotic sig-
naling has not been identified. Cellular localization may also
play a role, since calpain-mediated cleavage of Bax appears to
depend on an as yet uncharacterized but specifically mitochon-
drial calpain pool (7, 37). Importantly, the mechanisms for in
vivo activation of calpain are not clear. In addition to a re-
quirement for increased calcium levels, activation may involve
one or more of the factors, such as an unidentified phospho-
lipid(s), intracellular redistribution (11), and caspase-mediated
degradation of the endogenous inhibitor calpastatin (32).

Little is known about cisplatin-induced apoptotic signaling
located downstream of the actual DNA damage, but upstream
of cytochrome c release and caspase activation. This is the first
report to show that cisplatin induces calpain activation. Using
two different calpain inhibitors, we show that cisplatin-induced
apoptosis is, to a significant extent, dependent on calpain ac-
tivity. Together with earlier findings (19), we have now shown
that calpain activation, which starts around 3 h posttreatment,

is an early event in cisplatin-induced apoptosis in human mel-
anoma cells and occurs after JNK activation, but hours before
Bak modulation, cytochrome c release, and activation of
caspase-9. Furthermore, calpain activation was preceded by

FIG. 7. Evidence of two separate signaling pathways sensitive to
either calpeptin or dnMEKK1. (A) Modulation of Bak in 224 cells
after 16 h of treatment with cisplatin in the presence or absence of
calpeptin (10 �M) or kinase-inactive MEKK1 (dnMEKK1). Bak mod-
ulation was monitored by flow cytometry as described. Results are
shown as fold increase in Bak-associated immunofluorescence (IFL).
Expression of dnMEKK1 was confirmed by Western blotting (data not
shown). The experiment was performed three times with similar re-
sults. (B) The effects of calpeptin and expression of dnMEKK1 per se
and in combination on cisplatin-induced nuclear fragmentation were
examined. Cells were treated for 20 h with 20 �M cisplatin in the
presence or absence of calpeptin (10 �M) and/or dnMEKK1 expres-
sion.
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and dependent on the increase in intracellular Ca2�, which
cisplatin induced as early as 1 h posttreatment.

In contrast to this early activation, it has been reported that
calpain activation by ionizing irradiation occurs after PARP
cleavage and DNA fragmentation (i.e., during the late execu-
tion phase) (33). Our data show that calpeptin treatment dur-
ing the first 8 h of cisplatin treatment is sufficient to inhibit
apoptosis assessed at 20 h, while late addition of calpeptin had
no effect. In addition, we did not see any biphasic activation of
calpain up to 20 h posttreatment, when apoptosis levels are
nearly 50%. Although a biphasic activation of calpain cannot
be ruled out, it is unlikely to be of importance to apoptosis,
since late addition of calpeptin did not protect.

Because Bid has a key role in inducing oligomerization of
proapoptotic Bcl-2 family members Bak and/or Bax, which in
turn leads to cytochrome c release, cleavage of Bid to tBid is of
importance in apoptosis induced by many types of agent. We
show here that Bid is cleaved in cisplatin-treated cells. Candi-
date caspases to perform this cleavage were caspase-3 and -8,
while caspase-6 and -7 have been shown not to cleave Bid (3).
Experiments with caspase inhibitors indicated that in this sys-
tem neither caspase-3 nor caspase-8 mediates Bid cleavage.
Furthermore, we did not observe DEVDase/caspase-3 activa-
tion at 7 h posttreatment (19; this study), and because there
was cisplatin-induced Bid cleavage as well as in caspase-3-
deficient MCF-7 cells, caspase-3 is not a likely candidate. In-
stead, the two functionally distinct calpain inhibitors calpeptin
and PD150606 both blocked Bid cleavage, indicating that cal-
pain is the mediator. Calpeptin may in addition to calpain also
inhibit cathepsin L; however, a cathepsin L inhibitor had no
effect on Bid cleavage or on apoptosis.

We show that, similar to caspases 3 and -8, human recom-
binant m-calpain can directly cleave human recombinant Bid
(generating a 14.4-kDa fragment, as calculated from the amino
acid sequence). The calpain cleavage site was mapped between
Gly70 and Arg71, or N-terminal to the BH3 domain, and 11
residues C-terminal to the caspase-8 site for p15-tBid. As with
caspase-cleaved tBid, calpain-cleaved Bid was able to induce
cytochrome c release from isolated mitochondria, and in intact
cells, calpeptin cotreatment blocked cisplatin-induced release
of cytochrome c from mitochondria. Importantly, we show that
lysates from cells treated with cisplatin for only 5 h can cleave
Bid and that this activity is sensitive to calpeptin.

Although calpain may cleave Bax, we have not been able to
detect any cisplatin-induced Bax fragments in the 224 cells, nor
in AA, a p53-wt melanoma cell line, which, unlike 224 cells,
shows increased Bax protein levels in response to cisplatin
(data not shown). If calpain cleaves Bid, but not Bax, even
though both are cytosolic before cleavage, regulation of the
calpain-Bid-Bax relationship may be very intricate.

Shortly before the submission of the present work, it was

FIG. 8. Calpeptin does not affect loss of ��. (A) Cisplatin-induced
(20 �M) loss of mitochondrial inner membrane potential (��) at 16
and 20 h posttreatment in the presence or absence of calpeptin (10
�M) was assessed by flow cytometry with TMRE staining of intact
mitochondria. Results are shown as fold increase in the population of
cells with completely depolarized mitochondria, as compared to con-
trol cells. The experiment was performed three times with similar
results. (B) The effects of calpeptin and the MPT inhibitor BA

(BONGK.ACID) per se and in combination were examined. BA (13
�M) was added where indicated at 12 h post-cisplatin treatment.
(Upper panel) Effects of inhibitors on ��. (Lower panel) Effects on
apoptosis seen as nuclear fragmentation. Note that calpeptin does not
influence cisplatin-induced ��, but reduces nuclear fragmentation
both in cells treated with only cisplatin and in cells treated with cis-
platin and BA.
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reported that reperfusion of rabbit heart after myocardial isch-
emia led to Bid cleavage by a calpain-like activity, and in vitro
experiments mapped the calpain cleavage site to Gly70 (5).
Our results show that calpain activation is involved in the very
different setting of genotoxin-induced apoptosis and that this
activity is a physiological mechanism for Bid cleavage in human
cells.

Unlike caspases and granzyme B, calpain does not recognize
a well-defined cleavage motif. However, the last three residues
of the N-terminal fragment are often aliphatic, and P1 on the
C-terminal fragment is aliphatic or basic; consequently, there
may be many potential sites within a protein, but usually only
a few are actually cleaved (4). The calpain cleavage site in Bid
(LG70-RIEAD) is typical in that it is preceded by two aliphatic
residues, and P1 on the C-terminal side is basic. In contrast,
the calpain cleavage site in Bax is within the caspase motif
FIQD33 (37). In CaMK-IV, another protein that during apo-
ptosis may be cleaved by caspases as well as calpain, the calpain
sites are also less than canonical (CG201-TPG and EN23-LVP)
(21). In mouse Bid, the sequence corresponding to the calpain
cleavage site in human Bid is QG70-RIEP, which should also
be a potential calpain site.

In the cleavage assay, the release of a 21-kDa product indi-
cated that calpain can cleave GST-flBid at a second site. One
possibility is that in addition to the Gly70 site, calpain also
cleaves within the GST protein, yielding a chimeric protein
consisting of the C-terminal 14 kDa of GST and an N-terminal
Bid fragment up to Gly70. The Bid N-terminal fragment does
not induce cytochrome c release and instead may have an
inhibitory function (28); thus, the chimeric protein should not
have any cytochrome c-releasing activity. Another, less likely
possibility is that the secondary calpain cleavage site is either
very near the N-terminal part of Bid, in the linker region, or
within the GST protein close to the C-terminal part. In either
case, the 21-kDa product would be nearly identical to flBid,
which has little or no effect on mitochondria (10, 28) and as
seen in our data. The 21-kDa protein would furthermore be
cleaved as well at Gly70, thus, after all yielding the 14-kDa
product of interest.

No caspase activity can be expected to be present in the in
vitro assay for GST-Bid cleavage by recombinant calpain. Nev-
ertheless, addition of zVAD (10 �M) to the reaction mixture
also decreased Bid cleavage by calpain (not shown). Similarly,
YVAD-CHO has been reported to reduce calpain-mediated
Bax cleavage (37). In fact, zVAD at 100 �M blocked calpain-
mediated cleavage in intact cells, and at 5 �M, it blocked
calpain activity in vitro (33). Obviously, this raises questions
about a possible overestimation of caspase involvement in
many apoptosis studies. Furthermore, as in the cases of Bid,
Bax, and fodrin (33), the caspase and calpain cleavage sites are
so close to each other that cleavage products may be nearly
identical on a Western blot.

That cisplatin induces at least two apoptotic signaling path-
ways was suggested by our previous work (19), showing that
expression of a dnMEKK mutant inhibits cisplatin-induced
Bak modulation almost completely, whereas caspase-3 activa-
tion and nuclear fragmentation are reduced by approximately
half. The present work on calpain supports and extends this
hypothesis. First, dnMEKK did not affect formation of tBid.
Second, inhibition of calpain with calpeptin did not affect Bak

modulation, but similar to dnMEKK1, it did inhibit apoptosis
by approximately half. Third, the combination of dnMEKK1
and calpeptin had a clearly additive effect on inhibition of
apoptosis. Thus, calpeptin and dnMEKK do not act on the
same pathway.

It may be noted that although the inhibitory effect of cal-
peptin on apoptosis was significant at earlier time points, at
24 h, apoptosis also proceeded in the presence of calpeptin and
despite its simultaneous inhibitory effect on calpain. This is
compatible with the hypothesis of two pathways, which stipu-
lates that in the presence of calpeptin, the MEKK1-Bak path-
way is still active, causing cytochrome c release and DEVDase
activity, which in turn can cleave and activate Bid. An ampli-
fication loop via cytochrome c to DEVDase-mediated Bid
cleavage has indeed been reported for apoptosis induced by
etoposide and other drugs (27).

Bid-mediated apoptosis is independent of mitochondrial
MPT (or loss of ��) (15, 26, 29). In agreement with this and
with calpain-mediated Bid activation, calpeptin could partially
block cisplatin-induced apoptosis, but it did not affect MPT. In
contrast, MPT inhibitors BA and cyclosporin partially reduced
loss of membrane potential as well as apoptosis. In our system,
both agents per se induced some depolarization and apoptosis.
However, taking into account this toxic effect, the combination
of MPT inhibitor and calpeptin had an additive effect on inhi-
bition of apoptosis, again indicating involvement of two dis-
tinct pathways.

Bax-Bak double-knockout mouse embryo fibroblast (MEF)
cells were recently shown to be resistant to a number of apo-
ptotic stimuli, including staurosporine, etoposide, and growth
factor deprivation (36). In contrast, Bid-deficient MEF cells
were susceptible to these stimuli, showing that Bax or Bak can
be activated by factors or pathways other than Bid (30, 36).
Together, these data clearly show that Bak may be activated by
at least two distinct signals, one of which is independent of
tBid. Our data are in agreement with this model, since they
suggest that tBid-mediated apoptosis does not necessarily re-
quire Bak modulation, and Bak modulation does not neces-
sarily require tBid.

It is of general interest to apoptosis research that calpain
activation may play an important role in apoptosis, by linking
early, cytosolic events and the apoptotic machinery located in
mitochondria. As an activator of Bid, calpain may be compa-
rable to caspases. Our findings also contribute to the under-
standing of early apoptotic signaling induced by cisplatin, and
we have identified a signaling pathway of potential importance
in prediction as well as in treatment. With calpain as a poten-
tial regulator of the key role of Bid protein in chemotherapy-
induced apoptosis, targeting of calpain and/or Bid is a conceiv-
able strategy for sensitization of resistant tumors. This may in
fact already have been done, because the radiosensitizing and
DNA-damaging agent �-lapachone was recently shown to in-
duce apoptosis via a calpain or a calpain-like non-caspase
activity (23).
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