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Cisplatin is an efficient anticancer agent. Cisplatin-based chemo-
therapy is believed to involve different signal transduction path-
ways, among which calpain activation has been proposed as an im-
portant factor in the induced apoptosis. In our study, based on
real-time single cell analysis, we investigated the molecular
involvement of calpain in cisplatin-induced apoptosis in living
human lung adenocarcinoma cells. After cisplatin treatment, cal-
pain was activated, resulting in Bid cleavage at 4–5 hr, followed
by Bid translocation and cytochrome c release, leading to cell
death. Calpeptin and PD150606, specific inhibitors of calpain,
blocked Bid activation completely; however, cytochrome c release
was delayed by more than 2 hr, which was associated with the
delay of caspase-3 activation and cell death. Remarkably, calpain-
mediated release of cytochrome c and cell death was significantly
compromised in the Bid knockdown cells. Z-IETD-fmk and Z-
VDVAD-fmk were used to block the activation of caspase-8 and
caspase-2, respectively; however, the progression of apoptosis
were not affected, suggesting that caspase-8 and caspase-2 were
not involved in this experimental model. Taken together, the data
demonstrate that calpain mediated cisplatin-induced apoptosis in
human lung adenocarcinoma cells through activating Bid, which
then regulated the mitochondrial apoptotic pathway. The delays
of cytochrome c release, caspase-3 activation and subsequent cell
death by inactivating calpain or silencing Bid exclude other earlier
or parallel pathways, strongly suggesting that the calpain-medi-
ated pathway is the kinetically earliest one, which dominates the
cisplatin-induced apoptosis.
' 2008 Wiley-Liss, Inc.
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Cisplatin (cis-diammine dichloroplatinum; cis-Platinum(II)) is a
potent anticancer drug for the treatment of various malignan-
cies.1,2 The cytotoxicity of cisplatin results from the formation of
DNA adducts, which include interstrand and intrastrand DNA
cross-links, DNA-protein cross-links and DNA monoadducts.1,2

Cisplatin is recognized as a DNA-damaging agent. Yet the mecha-
nism whereby DNA damage kills cells is not fully understood. In-
hibition of DNA synthesis was initially considered to be the main
cause of cisplatin’s cytotoxicity. However, recent studies demon-
strate that besides inhibition of DNA replication, cisplatin treat-
ment also affects other fundamental cellular processes, including
RNA transcription, protein translation, DNA repair, cell cycle and
apoptosis.1–3 Considerable evidence has indicated that cisplatin
can kill cells through the induction of apoptosis. However, it is not
well known how cellular signaling from drug-induced DNA
lesions leads to the execution-phase characteristics of apoptosis.

Two cytosolic proteolytic systems, caspase and calpain, are ca-
pable of producing limited cleavage of endogenous proteins. Cal-
pain is a ubiquitous cysteine protease. Although it is well estab-
lished that several members of the caspase family are involved in
apoptosis,4,5 the physiological role of calpain in apoptosis is much
less clear.6 Ablation of the common noncatalytic 30-kDa subunit
of calpain causes embryonic lethality in mice, pointing to the
essential role of the enzyme.7 A number of studies have shown
that calpain activation precedes cell death induced by different ap-
optotic stimuli in various cell systems.8,9 The potential role of cal-
pain in apoptosis is also indicated by the growing list of calpain
substrates, including p53, PARP, Bid and several cytoskeletal pro-

teins.10,11 Currently, the contribution of calpain to apoptosis is
generally accepted, though its exact role remains unclear.

Two major distinct apoptosis pathways have been described for
mammalian cells. One involves caspase-8, which is recruited by
the adapter molecule Fas/APO-1-associated death domain protein
to death receptors upon extracellular ligand binding.12,13 The other
is the mitochondrial apoptotic pathway, involving Bcl-2 family
members, cytochrome c and caspase-9.14–16 Several studies
have suggested that caspase-8 is involved in cisplatin-induced
apoptosis.17,18 However, Wang et al. found that cisplatin could
induce apoptosis without activation of caspase-8.11,19,20 The
debate over the involvement of caspase-8 activation in cisplatin-
induced apoptosis continues.

Bid, a member of the BH3-only subgroup of the Bcl-2 family,
is a unique proapoptotic protein.21 BH3-only proteins are impli-
cated as essential regulators of apoptosis.22,23 Bid plays an essen-
tial role in apoptotic signaling, by inducing the proapoptotic func-
tionality of Bak and Bax, leading to cytochrome c release.24 Bid is
normally localized in the cytosol in an inactive form. Activation
of Bid depends on the cleavage of intact Bid into its truncated
form of tBid. The resulting tBid then translocates into mitochon-
dria and leads to disruption of organelles and release of apopto-
genic molecules such as cytochrome c.13,25,26 The cleavage of Bid
can be conducted by several proteases. Caspase-8 has been shown
to be the protease most responsible for Bid cleavage during death
receptor-mediated apoptosis.25 Calpain has also been shown to
cleave Bid.11,27,28 Other studies have demonstrated that Bid can
also be cleaved by caspase-3 and caspase-2 in the intrinsic path-
way to apoptosis, which is independent of death receptors.29,30

Fluorescence resonance energy transfer (FRET) is a nonradia-
tive transfer of energy between 2 fluorophores that are placed in
close vicinity and in a proper relative angular orientation, which
can spatio-temporally monitor cell events in physiological condi-
tion in single living cell.31,32 It has been utilized to reveal the
dynamic activity of enzyme, and it provides a view of protein
location, protein translocation, small ligand binding, protein–pro-
tein interaction, conformational change and posttranslational mod-
ification in real-time.33–36 This can not be fully elucidated by tra-
ditional biophysical or biochemical approaches, which can only
measure the average behavior of cell populations and the static
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spatial information available from fixed cells and thus can not pro-
vide direct access to cells life event in their natural environment.

Given these backgrounds, it is of importance to determine the
effect of calpain activation in cell apoptosis, particularly induced
by chemotherapeutic agent such as cisplatin. To determine the
molecular involvement of calpain in cisplatin-induced apoptosis
in living human lung adenocarcinoma cells, our study focuses on
(i) calpain activation and its contribution in the apoptotic pathway,
(ii) the dynamic process of cell apoptosis, including Bid activa-
tion, Bid translocation, cytochrome c release, (iii) the role of cas-
pase-2, -3 and -8 in cell apoptosis and (iv) the dominant apoptotic
pathway in this experimental model.

Material and Methods

Cell culture, transfection and treatment

The human lung adenocarcinoma cell lines ASTC-a-1 and
A549 were obtained from the Department of Medicine, Jinan Uni-
versity (Guangzhou, China) and cultured in DMEM (GIBCO,
Grand Island, NY) supplemented with 15% fetal calf serum
(FCS), penicillin (100 units/ml) and streptomycin (100 mg/ml) in
5% CO2 at 37�C in a humidified incubator. Transfections were
performed with LipofectamineTM reagent (Invitrogen, Carlsbad,
CA) according to the manufacturer’s protocol. The solution of
LipofectamineTM reagent was replaced with fresh culture medium
after 5 hr. Cells were examined 36 hr after transfection. To obtain
stable cell lines expressing YFP-Bid-CFP, transfected cells were
selected in the presence of 0.8 mg/ml G418 for 2 weeks and fluo-
rescent clones were enriched.

The concentration of cisplatin (Sigma-Aldrich, St. Louis, MO)
used in our experiments was 20 lM. In the experiments using cal-
peptin (10 lM) (Alexis Biochemicals, Coger, Paris, France),
PD150606 (20 lM) (Alexis Biochemicals, Coger, Paris, France),
Z-VDVAD-fmk (100 lM), Z-IETD-fmk (10 lM), Z-DEVD-fmk
(25 lM) (BioVision, Mountain View, CA) and Z-VAD-fmk
(25 lM) (Sigma-Aldrich, St. Louis, MO), all the chemicals were
added to the cells 30 min before cisplatin.

Time-lapse confocal fluorescence microscopy

GFP, CFP and DsRed emissions were monitored confocally
using a laser scanning microscope (LSM 510/ConfoCor 2) combi-
nation system (Zeiss, Jena, Germany) equipped with a Plan-
Neofluar 403/1.3 NA Oil DIC objective. Excitation wavelength
and detection filter settings for each of the fluorescent indicators
were as follows. GFP was excited at 488 nm with an argon ion
laser and its fluorescence emission was recorded through a 500–
530 nm IR band-pass filter. CFP was excited at 458 nm with an ar-
gon ion laser and its fluorescence emission was recorded through a
470–500 nm band-pass filter. DsRed was excited at 543 nm with a
helium–neon laser and its emitted light was recorded through a
560-nm long-pass filter.

For time-lapse imaging, culture dishes were mounted onto the
microscope stage equipped with a temperature-controlled chamber
(Zeiss, Jena, Germany).

FRET analysis of Bid cleavage kinetics

FRET is a powerful tool for investigation of molecular events
in living cells. In our study, a fusion protein pFRET-Bid (pYFP-
Bid-CFP) has been used to observe the cleavage of Bid and to
detect the activity of calpain in cisplatin-induced apoptosis. It is
constructed by connecting a yellow fluorescent protein (YFP) and
a cyan fluorescent protein (CFP) to the N terminus and the C ter-
minus of Bid, respectively.33 For excitation, the 458-nm line of an
Ar-Ion Laser was attenuated with an acousto-optical tunable filter,
reflected by a dichroic mirror (main beam splitter HFT458) and
focused by a Zeiss Plan-Neofluar 403/1.3 NA Oil Dic objective
onto the sample. The emitted fluorescent light was split by a sec-
ond dichroic mirror (secondary beam splitter NFT515) into 2 sepa-
rate channels, a 470–500 nm band-pass (CFP channel) and a 530-

nm long-pass (YFP channel). For intracellular measurements, the
desired measurement position was chosen in the LSM image.
Cleavage of Bid was monitored by proteolytical FRET-disruption
of a fusion protein YFP-Bid-CFP.

To quantify the results, the images were analyzed with Zeiss
Rel3.2 image processing software (Zeiss, Germany) by drawing
regions around individual cells and obtaining the average fluores-
cence intensity of YFP and CFP in each region for each image in
the time series. YFP/CFP emission ratios were obtained by divid-
ing the average fluorescence intensity values of single cells after
background subtraction. For direct comparisons, the YFP/CFP ra-
tio at the first time point was normalized to 1.

Spectrofluorometric analysis of Bid cleavage

ASTC-a-1 cells stably expressing YFP-Bid-CFP were grown in
DMEM supplemented with 15% FCS for 72 hr. Then, different
groups of cells were treated with cisplatin, cisplatin plus calpeptin,
cisplatin plus Z-IETD-fmk, or cisplatin plus Z-VAD-fmk, for 8 hr.
After treatment, each group of the cells was transferred into a
quartz cuvette, which was then placed inside the sample holder of
a luminescence spectrometer (LS55, Perkin–Elmer). The fluores-
cence emission spectra were obtained with a luminescence spec-
trometer and the spectrum scanning analysis was performed 8-hr
post-treatment. The excitation wavelength was 434 6 5 nm, the
excitation slit was 10 nm, the emission slit was 15 nm and the
scanning speed was 200 nm/s. The corresponding background
spectra of cell-free culture media were subtracted.

Calpain, caspase-2, caspase-3 and caspase-8 activity assays

The activities of calpain, caspase-8, caspase-2 and caspase-3
were measured using the following fluorogenic enzyme substrates:
Ac-LLY-AFC (BioVision, Mountain View, CA), IETD-AFC,
VDVAD-AFC and DEVD-AFC (Alexis Biochemicals, Coger,
Paris, France), respectively. After the desired duration of different
treatments, the cells were harvested at 1,200g and lysed with
extraction buffer provided by the manufacturer. Cell lysates were
centrifuged at 10,000g at 4�C for 10 min and the supernatants
were collected. After incubation at 37�C for 1 hr, the samples
were read in a fluorometer equipped with a 400-nm excitation fil-
ter and a 505-nm emission filter. The enzyme activity was
expressed as relative fluorescence units per milligram protein of
protein. The arbitrary values were presented as the mean 6 S.D.
of 3 experiments.

Western blotting analysis

After different treatment, the effects on Bid and caspase-8 were
studied by Western blotting analysis. Equal amounts of proteins
were loaded on SDS/PAGE, transferred to nitro-cellulose mem-
branes and blotted with primary antibodies reactive to Bid and
caspase-8 (Cell Signaling Technology, MA) at a dilution of
1:1,000, followed by secondary antibodies, goat anti-rabbit conju-
gated to IRDyeTM800 (Rockland Immunochemicals, Gilbertsville,
PA) for Bid and goat anti-mouse conjugated to Alexa Fluor 680
(Invitrogen, Carlsbad, CA) for caspase-8. Detection was per-
formed using the LI-COR Odyssey Scanning Infrared Fluores-
cence Imaging System (LI-COR, Lincoln, NE).

Cell viability assays

Cells were cultured in a 96-well microplate at a density of 5 3
103 cells/well. The cells were treated with cisplatin, cisplatin plus
calpeptin, or cisplatin plus Z-IETD-fmk and their viability was
assessed with cell counting kit-8 (CCK-8) (Dojindo Laboratories,
Kumamoto, Japan) according to the manufacturer’s instructions 8,
12, 16 and 20-hr post-treatment. OD450, the absorbance value at 450
nm, was read with a 96-well plate reader (DG5032, Huadong, Nanj-
ing, China), to determine the viability and proliferation of the cells.
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RNA interference

Bid suppression was accomplished using Bid short hairpin
RNA (shRNA) constructs. To generate Bid knockdown plasmids,
several annealed sets of oligonucleotides encoding short hairpin
RNAs (shRNA) corresponding to different sequences in Bid cod-
ing region were cloned individually into pGPU6/GFP/Neo vector
(GenePharma, Shanghai, China). The oligonucleotides for shRNA
were synthesized as follows: 1, shBid-33:50-CACCGGGATG
AGTGCATCACAAATTCAAGAGATTTGTGATGCACTCATCC
CTTTTTTG-30; 2, shBid-486: 50-CACCGCGCCGTCCTTGCT
CCGTGATTCAAGAGATCACGGAGCAAGGACGGCGTTTTTT
G-30. 3, shBid-196: 50-CACCGCTCCCGCTTGGGAAGAATATT
CAAGAGATATTCTTCCCAAGCGGGAGTTTTTTG-30. 3, shBid-
160: 50-CACCGCGATGAGCTGCAGACTGATTTCAAGAGAAT
CAGTCTGCAGCTCATCGTTTTTTG-30. The negative control
shRNA (shNC) was also generated and the oligonucleotides sequen-
ces were as follows: 50-CACCGTTCTCCGAACGTGTCACGT
CAAGAGATTACGTGACACGTTCGGAGA ATTTTTTG-30.

Bid-CFP translocation assay

ASTC-a-1 cells were transiently cotransfected with Bid-CFP (a
generous gift from Dr. K. Taira of University of Tokyo, Tokyo,
Japan) and DsRed-Mit (a generous gift from Dr. Y. Gotoh of Uni-
versity of Tokyo, Tokyo, Japan). Thirty-six hours after transfec-
tion, cells were treated by cisplatin, cisplatin plus calpeptin, cis-
platin plus Z-IETD-fmk, or cisplatin plus Z-VAD-fmk. Live cell
imaging was performed by the Zeiss LSM 510 confocal micro-
scope at 37�C. The images of Bid-CFP and DsRed-Mit were
obtained separately and then merged. The Bid-CFP localization in
mitochondria was determined based on the overlap of Bid-CFP
and DsRed-Mit fluorescence images.

Cytochrome c release assays in Vitro

Cytochrome c release assays by Western blot were performed as
described.37 Briefly, Cells were harvested, resuspended in 2 pellet
volumes of lysis buffer [80 mM KCl, 250 mM sucrose and 50 lg/
ml digitonin (Sigma-Aldrich, St. Louis, MO), 1 mM DTT and Pro-
tease Inhibitor Cocktail Set I (Calbiochem, San Diego, CA)] and
placed on ice for 10 min. Samples were centrifuged at 10,000g for
5 min and cytosols were transferred to new tubes. The pellet was
resuspended in wash buffer (20 mM Hepes-KOH and 250 mM
KCl), centrifuged again, and the wash added to the respective cyto-
sols. To extract mitochondrial proteins, the pellet was resuspended
in lysis buffer, lysed by freeze/thaw and centrifuged at 20,000g for
10 min. The supernatant, containing mitochondrial proteins and the
cytosols were analyzed by Western blot.

Detection of cytochrome c release

ASTC-a-1 cells were transiently cotransfected with DsRed-Mit
and E-GFP-Cyt-c (a generous gift from Dr. G. J. Gores of Center
for Basic Research in Digestive Diseases, Molecular Medicine
Program, Mayo Clinic, Rochester, Minnesota). Thirty-six hours
after transfection, cells were treated by different agents and
imaged by the Zeiss LSM 510 confocal microscope at 37�C. The
images of GFP-Cyt-c and DsRed-Mit were obtained separately
and then merged. The GFP-Cyt-c released from mitochondria was

FIGURE 1 – Cisplatin-induced apoptosis in ASTC-a-1 cells. (a)
Time course of cells after different treatments as indicated [Cisplatin
(20 lM), calpeptin (10 lM), PD150606 (20 lM), Z-IETD-fmk
(10 lM), Z-VDVAD-fmk (100 lM), Z-DEVD-fmk (25 lM) and Z-
VAD-fmk (25 lM)]. Experiments were repeated 3 times. Bar 5 5 lm.
(b) Viability of ASTC-a-1 cells, after different treatments as indicated,
was assessed by the CCK-8 assays at different time points. Data repre-
sent the mean 6 SEM of 4 independent experiments. [Color figure
can be viewed in the online issue, which is available at www.
interscience.wiley.com.]
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determined based on the overlap of GFP-Cyt-c and DsRed-Mit flu-
orescence images.

Image processing and statistical analysis

To quantify cells showing mitochondrial Bid-CFP, ASTC-a-1
cells cotransfected with Bid-CFP and DsRed-Mit were treated
with different agents. At selected time points, the percentage of
cells showing Bid translocation to mitochondria was assessed by
counting the number of cells exhibiting mitochondrial Bid. Data
were collected from n 5 150–200 cells per treatment in 10–15
randomly selected image frames from different experiments.

To quantify cells showing cytosolic GFP-Cyt-c, ASTC-a-1
cells cotransfected with GFP-Cyt-c and DsRed-Mit were treated
with different agents. At selected time points, the percentage of
cells showing GFP-Cyt-c released from mitochondria was
assessed by counting the number of cells exhibiting cytosolic
GFP-Cyt-c. Data were collected from n 5 150–200 cells per
treatment in 10–15 randomly selected image frames from differ-
ent experiments.

Data are represented as mean 6 SEM. Statistical analysis was
performed with Student’s paired t-test. Differences were consid-
ered statistically significant at p < 0.05.

Results

Cisplatin-induced apoptosis in ASTC-a-1 cells

ASTC-a-1 cells were transfected transiently with GFP to label
the morphology of intact cells. Control cells over-expressing GFP
(Fig. 1a, 1st panel) were not impaired in their vitality, ruling out
the possibility that ectopic expression of such protein is cytotoxic
for this cell line.

To determine the role of calpain activation in cisplatin-induced
apoptosis, cells expressing GFP were treated with cisplatin in the
presence or absence of calpeptin or PD150606 (selective inhibitors
of calpain). Figure 1a (2nd panel) shows the typical hallmarks of
apoptosis 16 hr after cisplatin application. However, cell death
was delayed by several hours when pretreated with calpeptin or
PD150606 (Fig. 1a, 3rd and 4th panels).

It was observed that Z-IETD-fmk (selective inhibitor of cas-
pase-8) did not alter the process of apoptosis (Fig. 1a, 5th panel),
indicating that caspase-8 was not involved in the cisplatin-induced
apoptotic pathway. Western blotting experiments and the enzy-
matic assay for caspase-8 activity demonstrated that caspase-8
was not activated (Figs. 2b and 2c). However, significant protec-
tion against cell death was observed by using Z-DEVD-fmk and
Z-VAD-fmk [Figs. 1a (7th and 8th panels) and 1b]. Furthermore,

FIGURE 2 – Cisplatin induces the activation of calpain and caspase-3, but not caspase-8. (a) An increase in calpain activities induced by cis-
platin. After different treatments as indicated, calpain activities, as assayed by the use of membrane-permeant fluorogenic calpain-specific sub-
strate Ac-LLY-AFC at different time points, are indicated as relative fluorescence unit (RFU)/mg of protein and is expressed as arbitrary units
determining the change in calpain activity, compared to untreated cells. (b) Western blot evidence that procaspase-8 was not cleaved in cispla-
tin-induced apoptosis. Cells were treated as indicated and the effects on caspase-8 were analyzed by Western blotting 12-hr post-treatment. The
experiment with TNF-a treatment was used as a positive control. b-actin was used as a loading control. (c) Caspase-8 activity was measured by
assessing the fluorometric cleavage of IETD-AFC after treatment with cisplatin. The experiment with TNF-a treatment was used as a positive
control. (d) After different treatments as indicated, the induction of caspase-3 activity was measured by cleavage of the fluorogenic substrate
DEVD-AFC (relative fluorescence units/mg of protein and expressed as arbitrary units). For all experiments, data represent the mean 6 S.D. of
3 independent experiments, *p < 0.05.
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FIGURE 3.
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the analysis of the cleavage of the caspase-3 substrate (Ac-DEVD-
AFC), induced by cisplatin, indicated an increase in caspase-3 ac-
tivity. These data demonstrate that caspase-3 was involved in this
experimental model. Interestingly, the activation of caspase-3
could be significantly inhibited and delayed by several hours when
pretreated with calpeptin or PD150606 (Fig. 2d), indicating that
activation of calpain proceeds that of caspase-3.

We observed the cell viability in ASTC-a-1 cells, using CCK-8
assay at different time points post-treatment. The viability of the cells
after different treatments as indicated is shown in Figure 1b. The
same results were obtained in A549 cells (data not shown). These
results are consistent with our findings from fluorescence imaging.

Cisplatin induces calpain activation

ASTC-a-1 cells were treated as indicated in Figure 2a. At dif-
ferent time points post-treatment, calpain activity was assessed
using the Calpain Activity Assay Kit. As shown in Figure 2a, cis-
platin treatment for 2 hr did not yield calpain activation, while a
sharply increase was observed at 4–6 hr and the activity then
decreased. In these assays, calpain activation was blocked by
cotreatment with calpain inhibitor calpeptin. PD150606, another
calpain-specific inhibitor, also blocked calpain activation. How-
ever, compared to treatment results by cisplatin along, cotreatment
with Z-IETD-fmk or Z-VAD-fmk had no major effect on calpain
activation; while Z-VAD-fmk decreased its activation (Fig. 2a).

Real-time monitoring of calpain-mediated Bid cleavage
induced by cisplatin

FRET was applied to monitor Bid cleavage in cisplatin-induced
apoptosis. ASTC-a-1 cells expressing YFP-Bid-CFP were treated
as indicated in Figure 3a. The first image of each experiment was
obtained 4-hr post-treatment. The typical time-course images of
YFP and CFP are shown in Figure 3a. The control cells (1st panel)
show no change during the recording time. After treatment with
cisplatin, Bid cleavage was indicated by increased emission in the
CFP channel and decreased emission in the YFP channel (Fig. 3a,
2nd panel); the same FRET is confirmed by quantitative analysis
of fluorescence intensities (Fig. 3b). In the presence of calpeptin,
the fluorescence intensities of YFP, CFP and YFP/CFP remained
unchanged [Figs. 3a (3rd panel) and 3c], indicating that the cleav-
age of Bid was blocked by inhibiting the activation of calpain. In
the samples treated with cisplatin plus Z-VAD-fmk and cisplatin
plus Z-IETD-fmk, the fluorescence images show the same FRET
[Figs. 3a (4th and 5th panels) and 3c] as that in cells treated by
cisplatin along, indicating that Z-VAD-fmk and Z-IETD-fmk did
not prevent Bid cleavage, thus excluding caspases-8, -3 and -2
from having any major role in Bid cleavage. These results were
also confirmed by western blotting analysis (Fig. 3e).

Spectrofluorometric analysis of Bid cleavage induced by cisplatin

Shown in Figure 3d are the results of spectrofluorometric analy-
sis of the cleavage of YFP-Bid-CFP 8 hr after treatment of ASTC-
a-1 cells stably expressing YFP-Bid-CFP. Cisplatin treatment
resulted in a decrease in FRET-the emission peak of CFP

(476 nm) increased, while the emission peak of YFP (527 nm)
decreased, indicating Bid cleavage. Similar results were obtained
from the samples treated with cisplatin in the presence of Z-IETD-
fmk or Z-VAD-fmk. However, as shown in Figure 3d, FRET did
not decrease in the samples cotreated with cisplatin and calpeptin.
Furthermore, the time course of the emission spectrum of the cells
cotreated by cisplatin and calpeptin was measured up to 12-hr
post-treatment and the results show no decrease in FRET (data not
shown), indicating that Bid was not cleaved.

Real-time detection of Bid translocation induced by cisplatin

To observe the dynamic translocation of Bid to mitochondria
after being cleaved by calpain during cisplatin-induced apoptosis
in ASTC-a-1 cells, we utilized the Bid-CFP fusion protein to fol-
low Bid migration with fluorescence imaging. Cells were trans-
fected transiently by DsRed-Mit to label the mitochondria. After
transfection, the cells were incubated for 36 hr, followed by differ-
ent treatments of cisplatin, cisplatin and calpeptin, cisplatin and Z-
IETD-fmk, or cisplatin and Z-VAD-fmk. The real-time monitor-
ing of Bid translocation was performed with the laser scanning
microscope. The first image of each experiment was obtained 5-hr
post-treatment and the distributions of Bid-CFP and DsRed-Mit
were continuously recorded.

Typical images of real-time distribution of Bid-CFP in control
nonapoptotic cells are shown in Figure 4a; Bid-CFP had a diffuse
distribution throughout the cytoplasm, with little or no evident
association with mitochondria for more than 9 hr. Figure 4b shows
the representative spatial and temporal relationships of Bid-CFP
and DsRed-Mit after treatment with cisplatin; Bid-CFP displayed
a diffuse and cytoplasmic localization 5-hr post-treatment, while
at about 6.5-hr post-treatment Bid-CFP partially translocated to
mitochondria from cytoplasm as revealed by the overlaps of the
Bid-CFP and DsRed-Mit fluorescence images. The majority of
Bid-CFP localized at mitochondria 7 hr 45 min post-treatment, as
confirmed by the overlay image (Fig. 4b).

The dependence of Bid translocation on calpain and caspases
was investigated. As shown in Figure 4c, we failed to detect Bid-
CFP translocation to mitochondria 9 hr after treatment with cispla-
tin–calpeptin. These results show that inhibiting the activation of
calpain by calpeptin not only blocked cleavage of Bid, but also
blocked its translocation to mitochondria. In contrast, neither Z-
IETD-fmk nor Z-VAD-fmk potently inhibited the redistribution of
Bid-CFP from the cytoplasm to the mitochondria (Figs. 4d and
4e). Quantitative analyses of time-dependent redistribution of Bid-
CFP (Figs. 4f and 4g) confirmed these findings. Quantitative anal-
ysis also revealed that Bid-CFP redistribution began nearly at the
same time point as in cells treated by cisplatin, cisplatin and Z-
IETD-fmk, or cisplatin and Z-VAD-fmk (Fig. 4f).

Real-time detection of cytochrome c release induced by cisplatin

GFP-Cyt-c was used to monitor the dynamic redistribution of
cytochrome c. Using the confocal microscope operated under the
2-channel measurement mode, we imaged both the distribution
pattern of GFP-Cyt-c and that of DsRed-Mit simultaneously. The

FIGURE 3 – Calpain-mediated Bid cleavage induced by Cisplatin. (a–c) Dynamics of Bid cleavage in response to calpain activation during cis-
platin-induced apoptosis in ASTC-a-1 cells transfected with YFP-Bid-CFP. (a) Fluorescence image series of CFP and YFP emissions of the cells
after different treatments as indicated. The panels of CFP, YFP and YFP/CFP are shown separately. Bar, 10 lm. (b) Dynamics of YFP and CFP
emission intensities and YFP/CFP ratio after cisplatin treatment. The YFP and CFP emission intensities at the first time point are normalized to
100 and the YFP/CFP ratio at the first time point is normalized to 1. (c) Dynamics of YFP/CFP ratio after different treatments as indicated. The
YFP/CFP ratios at the first time point are normalized to 1. Results represent 1 of 4 replicates. (d) Spectrofluorometric analysis of the cleavage of
YFP-Bid-CFP induced by cisplatin. Emission spectra of YFP-Bid-CFP 8 hr after different treatments as indicated. ASTC-a-1 cells stably
expressing YFP-Bid-CFP were excited at the excitation wavelength of CFP (434 6 5 nm), resulting in a CFP emission peak (476 nm) and YFP
emission peak (527 nm) caused by FRET from CFP for control cells and cells treated by cisplatin and calpeptin. The reduction in FRET (an
increase in emission at 476 nm and a decrease in emission at 527 nm) is observed in cells treated by cisplatin, cisplatin and Z-IETD-fmk or cis-
platin and Z-VAD-fmk. Results represent 1 of 3 replicates. (e) Calpeptin-sensitive Bid cleavage induced by cisplatin. ASTC-a-1 cells were
treated as indicated and the effects on Bid cleavage were analyzed by Western blotting 12-hr post-treatment. b-actin was used as a loading con-
trol. Results represent 1 of 3 replicates. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

2215CALPAIN PATHWAY DOMINATES CISPLATIN-INDUCED APOPTOSIS



FIGURE 4.

2216 LIU ET AL.



first image of each experiment was obtained 5-hr post-treatment
and the distributions of cytochrome c and DsRed-Mit at different
times were recorded.

Before cytochrome c release, the distribution patterns of both
cytochrome c and DsRed-Mit were the same as that of mitochon-
dria, appearing as filamentous structures as shown in the control
cell (Fig. 5a). Figure 5b shows a typical record of real-time mea-
surement, where the cell was undergoing cytochrome c release af-
ter cisplatin treatment. As cytochrome c was released from mito-
chondria about 8-hr post-treatment, the GFP-Cyt-c in the cell
became uniformly distributed over the entire cytoplasm (Fig. 5b).

Figure 5c shows the typical time course of cytochrome c release
in the cells cotransfected with GFP-Cyt-c and DsRed-Mit and
cotreated with cisplatin and calpeptin. From the images we found
that 8 hr after treatment, none or little of the mitochondria released
their cytochrome c. Judging by the overlap of GFP-Cyt-c and
DsRed-Mit fluorescence images (Fig. 5c), however, cytochrome c
was found being released from mitochondria about 10 hr after the
treatment. After another 30 min, all mitochondria released their
cytochrome c and the GFP-Cyt-c became diffusely distributed
throughout the cytoplasm. These data suggest that calpeptin did
not block cytochrome c release completely, but only delayed its
onset. Cells cotreated with cisplatin and PD150606 showed the
same results (Fig. 5d).

The temporal relationship of cytochrome c release in relation to
the pretreatment of calpeptin or PD150606 was further delineated
by a statistical analysis. The results in Figure 5e show that the pre-
treatment of calpeptin or PD150606, while inhibiting the activa-
tion of calpain, did not prevent the release of cytochrome c com-
pletely, but only delayed its onset.

Suppressing Bid delays cytochrome c release and cell apoptosis

Our experiments demonstrated that Bid is the critical calpain sub-
strate in the study model, then we raised the question of whether
down-regulation or knock-out of Bid should have the same effect of
calpeptin. To address this, we used RNAi to silence the expression
of Bid. We designed 4 shRNAs, shBid-33, shBid-486, shBid-196
and shBid-160. The data shown that shBid-33 and shBid-486 signif-
icantly reduced endogenous Bid protein (>80%) compared to nega-
tive control shNC, whereas shBid-196 and shBid-160 had less effect
(Figs. 6a and 6b). Silencing Bid by transient transfection of shBid-
33 or shBid-486 in ASTC-a-1 cells obviously delayed cytochrome c
release and cell death (Figs. 6c and 6d). The same results were
obtained in A549 cells (data not shown).

Caspase-2 was not involved in cisplatin-induced
apoptosis in ASTC-a-1 cells

Considerable evidence indicates that caspase-2 is activated
early in response to a variety of apoptotic stimuli; it can permeab-
ilize the OMM directly and stimulate the release of cytochrome c
and Smac/DIABLO from mitochondria independent of Bid, Bax
or other cytosolic factors.38–41 Thus we studied the involvement of
caspase-2 in cisplatin-induced apoptosis in human lung adenocar-

cinoma cells. The enzymatic assay for caspase-2 activity indicated
that caspase-2 was not activated (Fig. 7a). The inhibition of cas-
pase-2 activation by using Z-VDVAD-fmk (selective inhibitor of
caspase-2) showed no effect on cytochrome c and Smac/DIABLO
release (Figs. 7b and 7c) and cell death [Fig. 1a (6th panel) and
1b] induced by cisplatin.

Discussion

Many reports have shown that apoptosis is a marker of tumor
cells exposed to cisplatin.1,2 However, the mechanisms of cisplatin-
mediated apoptosis are not fully understood. Considerable evidence
has indicated that factors such as p53, calpain, Bcl-2 family, cas-
pases, CD95 and IAPs may influence the ability of cisplatin to
induce apoptosis.2,11,42–44

Possible involvement of calpain in apoptosis was first suggested
in 1993.45 Involvement of calpain has been observed in response
to irradiation, serum deprivation, staurosporine, etoposide and cis-
platin.2,9,11,44 These studies suggest that calpain-mediated cleav-
age of Bcl-2 family proteins (Bax, Bid, Bcl-2 and Bcl-xL) results
in conformational changes, hence their activation.11,27,46

The current study addresses several essential issues of cisplatin-
induced tumor cell apoptosis, including the dynamics of apoptotic
process and the roles of calpain and caspases.

Apoptosis induced by cisplatin in human lung adenocarcinoma
cells was studied using real-time single-cell analysis. Fluorescence
images of tumor cells transfected by GFP (Fig. 1a, 2nd panel)
clearly show cell apoptosis induced by cisplatin. After cisplatin
treatment, calpain was activated (Fig. 2a), resulting in Bid cleav-
age at 4–5 hr, evidenced by the decrease of FRET [Figs. 3a (2nd
panel) and 3b], followed by Bid translocation (Figs. 4b, 4f and
4g), cytochrome c release (Figs. 5b and 5e) and caspase-3 activa-
tion (Fig. 2d), leading to cell death.

To investigate the role of calpain activation in the induced apopto-
sis, cisplatin was coadministered with calpeptin or PD150606. Bid
cleavage was blocked by the use of calpeptin, as shown by the stable
FRET in Figures 3a (3rd panel), 3c and 3d. Figures 4b, 4d and 4e
vividly show the dynamics of Bid translocation to mitochondria,
caused by the treatment of cisplatin, while images in Figure 4c show
undisturbed mitochondria in cells cotreated by cisplatin and calpep-
tin. Furthermore, the cytosolic GFP-Cyt-c fluorescence images of
cells indicate that the use of calpeptin or PD150606 did not block
cytochrome c release (Figs. 5c and 5d), but only delayed its onset
(Figs. 5c, 5d and 5e), hence delaying caspase-3 activation (Fig. 2d)
and cell death (Fig. 1). Our data demonstrated that Bid is the critical
substrate of calpain in the study model, knock-down of Bid had the
same effect on delaying cytochrome c release and cell death com-
pared to the calpeptin treatment (Figs. 6c and 6d). These results sug-
gest that cisplatin activates other signals in addition to the calpain-
mediated pathway. Previous studies have shown that p53 is a media-
tor in cisplatin-induced apoptotic pathways,1,2,43,47 which can initiate
apoptosis by transcriptionally activating proapoptotic Bcl-2 family
members (e.g., Bax, Bak) or directly activating Bax. It is found that
cisplatin-induced activation of the ER-specific caspase-12 resulted in

FIGURE 4 – Dynamics of Bid translocation to mitochondria during cisplatin-induced apoptosis. (a–e) Typical time-lapse confocal images of
living ASTC-a-1 cells transiently cotransfected with Bid-CFP and DsRed-Mit under different treatment conditions. The 2 panels of Bid-CFP
and DsRed-Mit are shown separately and are merged to show the overlay. Bid-CFP localization at mitochondria was determined based on the
overlap of Bid-CFP and DsRed-Mit fluorescence images. (a) Control cells without Bid translocation over time. (b) Time-lapse images of Bid-
CFP redistribution after treatment with cisplatin. (c) Time-lapse images of Bid-CFP redistribution after cotreatment with cisplatin and calpeptin.
The overlay demonstrates that calpeptin inhibited Bid-CFP translocation. (d) and (e) Time-lapse images of Bid-CFP redistribution after cotreat-
ment with cisplatin and Z-IETD-fmk and with cisplatin and Z-VAD-fmk, respectively. The overlay demonstrates that Z-IETD-fmk and Z-VAD-
fmk did not inhibit Bid-CFP translocation. Similar results were obtained from 3 independent experiments. Bar, 10 lm. (f) Time courses of Bid
translocation to mitochondria after different treatments as indicated. Each curve represents an average of 12–15 cells obtained from 3 independ-
ent experiments. Bid-CFP fluorescence intensity in each curve at the first time point is normalized to 100 and the time of the onset of Bid-CFP
redistribution is set to zero. Data represent the mean 6 SEM. (g) Quantification of cells showing mitochondrial Bid-CFP. At indicated time
points, the percentage of cells showing Bid translocation to mitochondria was assessed by counting the number of cells exhibiting mitochondrial
Bid. Data were collected from n 5 150–200 cells per treatment in 10–15 randomly selected image frames from n 5 3 independent experiments.
Data represent the mean 6 SEM. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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FIGURE 5 – Detection of cytochrome c release from mitochondria during cisplatin-induced apoptosis. (a–d) Typical time-lapse confocal
images of living ASTC-a-1 cells transiently cotransfected with GFP-Cyt-c and DsRed-Mit under different treatments. The 2 panels of GFP-Cyt-
c and DsRed-Mit are shown separately and are merged to show the overlay. (a) Time-lapse images of GFP-Cyt-c distribution in the cell without
treatment. There is no sign of cytochrome c release. (b) Time-lapse images of GFP-Cyt-c redistribution after treatment with cisplatin. The over-
lay demonstrates the GFP-Cyt-c release from mitochondria about 8 hr after treatment with cisplatin. (c) Time-lapse images of GFP-Cyt-c redis-
tribution after cotreatment with cisplatin and calpeptin. The overlay shows GFP-Cyt-c release about 10 hr after treatment with cisplatin, indicat-
ing that calpeptin cannot inhibit GFP-Cyt-c release, but only delay its onset. (d) Time-lapse images of GFP-Cyt-c redistribution after cotreatment
with cisplatin and PD150606. The result is the same as that shown in Figure (c). Similar results were obtained from 3 independent experiments.
Bar, 10 lm. (e) Quantification of cells showing cytosolic GFP-Cyt-c. At indicated time points, the percentage of cells showing GFP-Cyt-c
release from mitochondria was assessed by counting the number of cells exhibiting cytosolic GFP-Cyt-c. Data were collected from n5 150–200
cells per treatment in 10–15 randomly selected image frames from n 5 3 independent experiments. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]



apoptosis.44 Other studies have demonstrated that extracellular
signal-regulated kinases (ERK) can also be activated by cisplatin
treatment in Hela cells.19 On the basis of our findings, the dominant
mechanism of cisplatin-induced cell death is the calpain-mediated
Bid cleavage and translocation. As for the delayed cell death after
calpain is inhibited, the mechanism is not clear. We are currently
investigating the additional apoptosis mechanism not requiring the
Bid activities, such as p53-mediated apoptotic pathway.

The pathways involved in the cross-talk between the calpain
and caspase proteolytic system remain controversial.9,48–51 For
example, calpain-mediated N-terminal truncation of caspase-3 to a
p30 polypeptide enhanced caspase-3 activation in one study52 and
inhibited its activation in another,53 while Dursun et al. reported
that caspases and calpain are independent mediators of cisplatin-
induced endothelial cell necrosis.54 In current study, the calpain
inhibitors Calpeptin and PD150606 was found to obviously delay
the activation of caspase-3 in cisplatin-induced apoptosis, which

was associated with the delay of cytochrome c release and cell
death, suggesting that calpain activation proceeds the activation of
caspase-3. Previous studies reported that caspase-3 can cleave the
calpastatin, an endogenous calpain inhibitor, leading to loss of the
inhibitory effect of calpastatin and to increase of calpain activa-
tion.48,55,56 However, in our study, calpain activity, which was
inhibited significantly with calpeptin and PD150606, was unaf-
fected by the caspase-3 specific inhibitor (Fig. 2a), suggesting that
caspase-3 had no contribution to calpain activation.

Caspase-8 has been shown to be the protease most responsible
for Bid cleavage during death receptor-mediated apoptosis.13,25

However, the involvement of caspase-8 in cisplatin-induced apopto-
sis remains highly debated.11,17–20 We used caspase-8 specific inhib-
itor Z-IETD-fmk with cisplatin in the treatment of tumor cells. Com-
paring the fluorescence images in Figure 1a (2nd and 5th panel), it is
evident that Z-IETD-fmk has no effect on apoptosis induced by cis-
platin. The measured FRET (Fig. 3a, 4th panel), YFP and CFP emis-

FIGURE 6 – Suppressing Bid delays cytochrome c release and cell apoptosis. (a) ASTC-a-1 cells were transfected with the same amount of
shBid-33, shBid-486, shBid-196, shBid-160 and cultured for 36 hr. The levels of endogenous Bid were assessed by immunoblotting. shNC was
a negative control for shRNA. b-actin served as a loading control. (b) Interference effects of shRNAs on Bid expression. The amount of Bid in
the culture medium was assayed 36 hr after transfection. Data presented are means 6 SD of 3 independent transfection experiments and are plot-
ted as a percentage of the control level. (c) Knock-down of Bid delays cytochrome c release induced by cisplatin. Cells were treated as indicated,
harvested and then treated with digitonin. The cytosol and mitochondria (pellet) were analyzed by Western blot at different time points for the
presence of cytochrome c. Densitometric results of 4 separate blots were used for quantitative analysis. For densitometry, values were normal-
ized according to the control sample lanes that were arbitrarily set as 1. (d) Down-regulation of Bid delays the cell death induced by cisplatin in
ASTC-a-1 cells. The viability of cells after different treatments as indicated, was assessed by the CCK-8 assays at different time points. Data
represent the mean6 SEM of 4 independent experiments.
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sions (Figs. 3c and 3d), western blotting analysis (Fig. 3e), as well as
cellular distribution of Bid-CFP (Fig. 4d) further indicate that Z-
IETD-fmk had no effect in Bid cleavage and Bid redistribution.
Western blotting experiments and the enzymatic assay for caspase-8
activity also demonstrated that caspase-8 was not activated (Figs. 2b
and 2c). Therefore, our results excluded caspases-8 from having any
important role in cisplatin-induced apoptosis.

Interestingly, Z-VAD-fmk showed no major effects on Bid
cleavage and translocation (Figs. 3c, 3d and 4e), but only slightly
slowed the process of Bid-CFP translocation to mitochondria (Fig.
4f). The data suggest that Z-VAD-fmk is not a specific caspase in-
hibitor and can slightly inhibit calpain as shown in Figure 2a,
which is consistent with the observations of previous studies.9 Fur-
ther studies are needed to elucidate the mechanism.

Despite considerable evidence indicating that caspase-2 is acti-
vated early in response to a variety of apoptotic stimuli, assigning
a distinct function to this protease has been difficult. Recent find-
ings indicate that caspase-2 is an important initiator of the mito-
chondrial apoptosis pathway, which is required for the permeabili-
zation of mitochondria and release of cytochrome c and Smac/
DIABLO.38–41 Considering the number of pathways linking cyto-
toxic stress with mitochondrial engagement, it seems likely that
the extent of caspase-2 involvement depends on a number of fac-
tors, including the nature of the cytotoxic stimulus, the cell type
that is being affected and the intracellular abundance of caspase-2
relative to that of other proapoptotic proteins. Indeed, experiments
using caspase-2 knockout mice, or cells in which caspase-2 had
been downregulated by antisense and siRNA approaches, as well
as studies with caspase-2 inhibitors, suggested that caspase-2 acti-
vation seems to be important for cell death in many, but not all,
cell types.38–41 The results in our current study demonstrate that
caspase-2 was not involved in the progression of cisplatin-induced
apoptosis in human lung adenocarcinoma cells [Figs. 1a (6th
panel), 1b and 7], indicating that the role of caspase-2 in apoptosis
is cell- and trigger-specific.

Bid plays an essential role in apoptosis. It has been established
that Bid serves the unique function of interconnecting the extrinsic
death receptors for TNF-a and Fas to the mitochondrial amplifica-
tion loop of the intrinsic pathway.13,25 After TNF-a or Fas treat-
ment, Bid is cleaved by caspase-8 at Asp59 after the LQTD site,
yielding a p15 C-terminal truncated fragment and exposing a new
amino terminal Gly residue, which becomes myristoylated, facilitat-
ing Bid translocation to the mitochondria, where it induces the acti-
vation of Bax and Bak, resulting in the release of cytochrome
c.13,25,26,57 Therefore, the cleavage and redistribution of Bid has a

profound effect on proapoptotic activity. Our data demonstrated
that cleavage of Bid by calpain modulate cisplatin-induced apopto-
sis. However, it was reported that Bid was cleaved by calpain at
Gly70 after the SRLG site, generating a p14 tBid and exposing an
Arg residue,11 which is different from that cleaved by caspase-8.
Therefore, posttranslational N-myristoylation of Bid may not
explain the mechanism by which Bid translocates to mitochondria
in the cisplatin-induced apoptotic pathway. How Bid rapidly and
selectively targets the mitochondrial outer membrane should be fur-
ther explored. It is possible that Bid can be activated by other forms
of posttranslational modification such as phosphorylation. Alterna-
tively, Bid may be regulated by proteins such as 14-3-3, which reg-
ulate the activity of another BH3-containing protein, Bad.58

According to our experimental data and related analysis, we
demonstrated that cytochrome c release and subsequent cell death
caused by calpain activation appears to be the earliest action in
cisplatin-induced apoptosis, as evidenced by the delay of cyto-
chrome c release (Figs. 5c, 5d and 5e) and subsequent delay of
caspase-3 activation (Fig. 2d) and cell death (Fig. 1) by the inhibi-
tory effect of calpeptin or PD150606 or by knock-down of Bid
(Figs. 6c and 6d). Although detailed information on other path-
ways is not fully available, the delay of cytochrome c release and
subsequent delay of caspase-3 activation and cell death by the
inactivation of calpain exclude other earlier or parallel pathways,
hence establishing the dominance of the calpain-mediated apopto-
tic pathway.

In conclusion, we demonstrated that calpain plays an important
role in the cisplatin-induced apoptotic pathway. More importantly,
our findings suggest that the calpain-mediated pathway is the
kinetically earliest pathway, which may dominate the cisplatin-
induced apoptosis. Further studies are needed to determine how
the calpain-mediated pathway interacts with other signal path-
ways. Our findings contribute to an improved understanding of the
mechanisms involved in proapoptotic signaling mediated by cis-
platin-based chemotherapy.
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FIGURE 7 – Caspase-2 was not involved in cisplatin-induced apoptosis in ASTC-a-1 cells. (a) Activity assay demonstrates that caspase-2 was
not activated. After different treatments as indicated, the induction of caspase-2 activity was measured by cleavage of the fluorogenic substrate
VDVAD-AFC (relative fluorescence units/mg of protein and expressed as arbitrary units). The experiment with Etoposide treatment was used as
a positive control. Data represent the mean 6 S.D. of 4 independent experiments. (b,c) Western blot experiments evidence that Z-VDVAD-fmk
(100 lM) did not inhibit the release of cytochrome c (b) and Smac/DIABLO (c) from mitochondria induced by cisplatin.
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