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Abstract

Trichosanthin (TCS), a traditional Chinese medicine, exerts antitumor activities by inducing apoptosis in many different tumor cell lines.
However, the mechanisms remain obscure. The present study focused on various caspase pathways that may be involved in TCS-induced
apoptosis in leukemia HL-60 cells. Key caspases in both intrinsic and extrinsic pathways including caspase-8, -9 and -3 were activated upon TCS
treatment. Additionally, TCS treatment induced upregulation of BiP and CHOP and also activated caspase-4, which for the first time strongly
supported the involvement of endoplasmic reticulum stress pathway in TCS-induced apoptosis. Interestingly, although caspase-8 was activated,
Fas/Fas ligand pathway was not involved as evidenced by a lack of induction of Fas or Fas ligand and a lack of inhibitory effect of anti-Fas
blocking antibody on TCS-induced apoptosis. Instead, caspase-8 was activated in a caspase-9 and -4 dependent manner. The involvement of
mitochondria was demonstrated by the reduction of mitochondrial membrane potential and release of cytochrome c and Smac besides the
activation of caspase-9. Further investigation confirmed that caspase-3 was the major executioner caspase downstream to caspase-9, -4 and -8.
Taken together, our results suggested that TCS-induced apoptosis in HL-60 cells was mainly mediated by mitochondrial and ER stress signaling
pathways via caspase-3.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Trichosanthin (TCS), a type I ribosome-inactivating protein
(RIP), exerts antitumor activities by inducing apoptosis in
several cell lines, including human choriocarcinoma, HeLa and
murine melanoma cells [1–4]. Although many of these studies
demonstrated the cleavage/activation of caspase 3, the mole-

cular mechanisms and apoptotic pathways upstream to caspase-
3 activation remain elusive.

Apoptosis is a genetically regulated process which has an
essential role in chemotherapy-induced tumor-cell killing
[5,6]. Central to this suicidal program is a cascade of caspases
with caspase-3 being one of the key executioners which in
turn are cleaved/activated by various initiator caspases. It is
well accepted that in mammalian cells, there are two major
pathways involved in apoptosis: the mitochondria-initiated
intrinsic pathway and the death receptor-triggered extrinsic
pathway [7–9]. For the former, proapoptotic signals provoke
the release of cytochrome c from the mitochondrial inter-
membrane space into the cytosol, which forms a complex with
Apaf-1 and dATP known as apoptosome and triggers caspase-
9 activation. The activation of caspase-9 leads to the
activation of the executioner caspases, such as caspase-3, -6,
-7, which triggers a series of apoptotic events and eventually
cell death [7,10,11]. The extrinsic pathway begins with a
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death receptor, such as Fas. When Fas ligand binds to the Fas
death receptor, the adaptor molecule is recruited to the recep-
tors, which allows the binding and proteolysis of procaspase-8
to activate the caspase-8. The activated caspase-8 then
processes the effector caspases, including caspase-3, -6 and
-7, and leading to cell death [8,10,12]. Crosstalk exists be-
tween the two apoptotic pathways [13–16]. Emerging evi-
dence supports the endoplasmic reticulum (ER) to be another
center of regulation for cell death with its own initiator cas-
pase, specifically, caspase-4 in human and caspase-12 in mice
[9,17,18]. The ER plays an important role in maintenance of
intracellular calcium homeostasis, protein synthesis, post-
translational modifications, and proper folding of proteins as
well as their sorting and trafficking. Many stimuli, including
alterations in calcium homeostasis and accumulation of un-
folded proteins in the ER, can cause stress [9,19] and pro-
longed ER stress will lead to apoptosis via caspase-4
dependent pathway. Crosstalk with the two well-characterized
pathways also exists since ER stress can also activate caspase-
9 by releasing cytochrome c from mitochondria to cytosol and
activate caspase-8 [19,20].

In the present study we focused on mechanisms involved in
TCS-induced caspase-3 cleavage/activation and apoptosis. We
first demonstrated that TCS induced caspase-dependent
apoptosis in HL-60 cells. Interestingly, although both initiator
caspases-8 and -9 are activated, it appears that the Fas/Fas
ligand pathway is not involved in TCS-induced apoptosis
while caspase-8 is activated via caspase-9-dependent pathway.
The involvement of a mitochondrial pathway is also confirmed
by the release of cytochrome c and Smac into cytosol upon
TCS-treatment. Most importantly, our data suggest the
involvement of the ER stress signaling pathway in TCS-
induced apoptosis as demonstrated by the activation of
caspase-4 and upregulation of ER-stress related proteins
upon TCS-treatment.

2. Materials and methods

2.1. Materials

TCS was the product of Shanghai Jinshan Medical Factory. Anti-caspase-8,
-9, -3 and Smac antibodies were purchased from Cell Signaling Technology, Inc.
(MA, USA). Caspase-4 antibody was the product of Biomol (PA, USA). Anti-
actin polyclonal antibody, propidium iodide (PI), DiOC6(3) and Hoechst 33258
were obtained from Sigma(MO, USA). z-IETD-FMK, z-LEHD-FMK,
z-YVAD-FMK, DEVD-CHO and z-VAD-FMK were the product of R&D
Technology Int. RPMI 1640 medium and fetal bovine serum were purchased
from Invitrogen (Carlsbad, CA, USA). BCA protein assay kit was from PIERCE
(Rockford, IL, USA). Anti-cytochrome c, Fas, Fas ligand, BiP and CHOP
antibodies were from Santa Cruz Biotechnology, Inc. (CA, USA). NOK-1 was
the product of Pharmingen (San Diego, CA, USA). Anti-COX IVantibody was
from Molecular Probes (Eugene, OR, USA).

2.2. Cell culture

The human promyelocytic leukemia cell line HL-60 was obtained from the
ATCC (Rockville, MD) and maintained in complete RPMI 1640 medium
containing 10% (v/v) heat-shocked fetal serum with 100 μg/ml penicillin and
100 μg/ml streptomycin. The culture was incubated at 37 °C in humidified 5%
CO2/95% air.

2.3. Hoechst 33258 staining

Cells were washed with PBS and fixed in 1% glutaraldehyde in PBS for
30 min., washed again with PBS and stained with 1 mM Hoechst 33258 for
30 min. The photomicrographs were taken with Leica DM/LM microscope
under UV illumination (380 nm).

2.4. Flow cytometric analysis of cell apoptosis

At different time points, treated cells and controls were washed, adjusted to
1×106 ml in fixation. After washing, the 200×g centrifuged cell pellets were
resuspended in 1 ml of hypotonic fluorochrome solution [propidium iodide (PI)
50 μg/ml in 0.1M sodium citrate plus 0.1% Triton X-100; Sigma (MO, USA)].
The samples were placed overnight in the dark at 4 °C, and the PI fluorescence
of individual nuclei measured using a FACScan flow cytometer as described
[21]. According to the DNA content, an apoptotic ratio was calculated after
analysis with Modfit software (DNA Modeling System). The experimental
values represented the median from three experiments.

2.5. DNA fragmentation assay

DNA fragmentation was isolated as described previously [22] with minor
modifications. After treatment, 1×107 cells were harvested by pipetting and
rinsed with ice-cold TBS. The cell pellets were resuspended in 200 μl of lysis
buffer (10 mM Tris–HCl, pH 7.4, 10 mM EDTA and 1.0% Triton X-100),
incubated for 10 sec at room temperature, and centrifuged at 5000×g for 5 min.
The supernatants obtained were supplemented with 2 μl of RNase A (20 mg/ml)
at 37 °C for 2 h and then with proteinase K (200 μg/ml) in the presence of 0.5%
SDS for an additional 3 h at 50 °C. The DNA was extracted, precipitated and
analyzed by electrophoresis on 1.8% agarose gel.

2.6. Western blotting analysis

1×106 cells were washed twice with cold PBS and lysed in extraction buffer
(25 mMTris–HCl, pH 7.5, 20 mMMgCl2, and 150 mMNaCl, 1% Triton X-100,
25 μg/ml leupeptin, and 25 μg/ml aprotinin) for 30 min on ice. The lysates were
centrifuged at 12,000×g for 15 min, the supernatants collected and protein
concentration determined by BCA protein assay (PIERCE, Rockford, IL, USA).
Proteins were separated by 15% SDS-polyacrylamide gel electrophoresis (50 μg/
lane) and electroblotted onto nitrocellulose membrane by standard procedures.
Transferred blots were incubated sequentially with blocking agent (5% non-fat
milk in TBS-Tween), rabbit anti-caspase 3 antibody and horseradish peroxidase-
conjugated secondary antibody. Blots were developed by the enhanced
chemiluminescence on Hyperfilm according to the manufacturer's instructions.

2.7. Caspase-3 and caspase-4 activity assay

Cell lysates were prepared by incubating 2×106 cells/ml in extraction buffer
(25 mM Tris–HCl, pH 7.5, 20 mM MgCl2, and 150 mM NaCl, 1% Triton
X-100, 25 μg/ml leupeptin, and 25 μg/ml aprotinin) for 30 min on ice. Lysates
were centrifuged at 12,000×g for 15 min, the supernatants collected and protein
concentration determined by BCA protein assay (PIERCE, Rockford, IL, USA).
Cellular extracts (30 μg) were then incubated in a 96-well microtitre plate with
20 ng Ac-DEVD-pNA (caspase-3 activity) or Ac-LEVD-pNA (caspase-4
activity) (Beyotime, Haimen, Jiangsu, PRC) for 2h at 37 °C. Caspase activity
was measured by cleavage of the Ac-DEVD-pNA or Ac-LEVD-pNA substrate
to pNA [15], the absorbance of which was measured at 405 nm. Relative caspase
activity was calculated as a ratio of emission of treated cells to untreated cells.

2.8. Mitochondrial membrane potential assay

3,3-Dihexyloxacarbocyanine iodide (DiOC6(3)), is a widely used lipophilic
cationic cyanine dye to determine mitochondrial membrane potential [23,24].
Cells were treated with TCS for different time periods and then incubated with
DiOC6(3) (40 nM) for 30 min at 37 °C. Cells were collected by centrifugation at
3000 rpm for 10 min and resuspended in 500 μl of PBS. Fluorescence intensities
of DiOC6(3) were analyzed on a flow cytometer (FACScan, Becton Dickinson)
with excitation and emission settings of 484 and 500 nm, respectively.
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2.9. Preparation of cytosolic and mitochondrial fractions

After treatment, cells (1×107) were collected by centrifugation at 600×g for
5 min at 4 °C, washed twice with ice-cold PBS and then resuspended in ice-cold
transport buffer (20 mM HEPES–KOH, pH 7.3, 110 mM KAc, 5 mM NaAc,
2 mMMgAc2, 1 mM EGTA) containing 200 μg/ml digitonin for 10 min on ice.
The lysates were then subjected to centrifugation at 700×g for 10 min at 4 °C and
the supernatants were centrifuged at 10,000g for 15 min at 4 °C. The
supernatants were collected as cytosolic fractions and the pellets were
mitochondria-containing fractions [25].

2.10. Statistical analysis of data

Data are presented as the mean±SEM for the indicated number of separate
experiments. Statistical analysis of data was performed with one-way analysis of
variance (ANOVA) followed by a t-test and P-values less than 0.05 as
considered significant.

3. Results

3.1. TCS induced HL-60 cells apoptosis in a time- and
dose-dependent manner

We first determined whether TCS induces apoptosis in HL-60
cells by comparing nuclear staining with Hoechst 33258. As

clearly shown in Fig. 1A, control cells without treatment
demonstrated normal nuclear morphology, while after 24 h
treatment of 100 μg/ml TCS, significant nuclear condensation
and morphology changes such as membrane blebbing and
apoptotic body formation characteristic of apoptosis were seen.
The kinetics of TCS-induced apoptosis of HL-60 cells was
further investigated by FACS analysis of the appearance and
accumulation of hypodiploid DNA, a characteristic feature of
apoptosis. As shown in Fig. 1B, the hypodiploid peak began to
appear after treatment with 5 μg/ml TCS for 12 h and increased
with TCS concentration and treatment duration. For further
confirmation, the cells were treated with either 100 μg/ml TCS
for 3 h, 6 h, 12 h, and 24 h or various concentrations of TCS for
24 h, and DNA fragmentation was investigated. Compared to the
vehicle only cells, TCS treatment led to the appearance of DNA
ladder in a time- and dose-dependent manner (Fig. 1C). Together,
these data indicated that TCS induced apoptosis in HL-60 cells.

3.2. Involvement of various caspases in TCS-induced HL-60
apoptosis

To investigate the involvement of various caspase pathways
during TCS-induced apoptosis, western blot analysis of TCS-

Fig. 1. TCS induced apoptosis in HL-60 cells in a time- and concentration-dependent manner. (A) After being incubated with (right panel) or without (left panel)
100 μg/ml TCS for 24 h, cells were stained with Hoechst 33258 and images obtained. Many cells demonstrated chromatin condensation, nuclei fragmentation and
apoptotic body formation after TCS-treatment (arrows). The results were representative of three independent experiments. (B) HL-60 cells were treated with a range of
concentrations (0–100 μg/ml) of TCS over different time periods (12–48 h) and cell apoptosis was determined by flow cytometry. The percentage of apoptotic cells
was calculated as a ratio of sub-G0/G1 (i.e., the hypodiploid peak) in total cells. Values were shown as mean±S.E.M. of three independent experiments performed in
triplicate. *Pb0.05, **Pb0.01, compared with untreated cells. (C) The cells were treated with TCS at 100 μg/ml for 3, 6, 12, 24 h, respectively, or at various
concentrations for 24 h, the cellular DNAwas extracted, dialyzed and separated on a 1.8% agarose gel and visualized under UV light by ethidium bromide staining.
The results were representative of three independent experiments with similar results. M: marker, V: vehicle-treated sample.
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treated cells with the specific antibodies against caspase-3, -8
and -9 was performed. The cells were treated with 100 μg/ml
TCS for different periods of time or with different concentra-
tions of TCS for 24 h, after which protein extracts were prepared
and fractionated by SDS-PAGE. As shown in Fig. 2A, TCS
treatment induced the cleavage of the caspase-8, -9 and -3 in a
dose- and time-dependent manner. Actually, the initiator
caspases (i.e., caspase-9 and -8) were activated within 3 h
treatment of 100 μg/ml TCS, while significant amount of active
caspase-3 only occurred after 6 h treatment (Fig. 2A), consistent
with a temporal sequence of events. We then investigated the
effect of inhibitors of these caspases on TCS-induced apoptosis.
HL-60 cells were pretreated for 2 h with 100 μM z-VAD-FMK,
a general caspase inhibitor, and DEVD-CHO, a caspase-3
inhibitor, respectively, followed with 100 μg/ml TCS for
additional 24 h, after which the cells were collected and stained
with Hoechst 33258. As shown in Fig. 2B, nuclear condensa-
tion induced by TCS was almost completely blocked by z-VAD-
FMK or DEVD-CHO pretreatment. The almost complete
inhibitory effects of these two caspase inhibitors were also
confirmed with quantified data obtained through FACS
analysis. As shown in Fig. 2C, the apoptosis was significantly
decreased from 73.4% to 6.23% by DEVD-CHO or 3.85% by z-
VAD-FMK suggesting that caspase-3 is the common effector
caspase of TCS-induced apoptosis. Interestingly, pretreatment
of z-IETD-FMK, a caspase 8 inhibitor or z-LEHD-FMK, a
caspase 9 inhibitor, significantly inhibited TCS-induced
apoptosis to 55.23% and 41.4%, respectively. Collectively
these two inhibitors further significantly reduced apoptosis to
28.2%, suggesting some synergistic effect. However, it is of
importance to note that this ratio was still significantly higher
than that of caspase 3 inhibitor or general caspase inhibitor
(Pb0.05), which implicated that there may be other pathway(s)
involved in caspase 3 cleavage/activation and apoptosis.

3.3. ER stress was involved in the apoptosis

Another important pathway which can trigger the caspase
cascade leading to caspase-3 activation and apoptosis is
initiated by ER stress [17,26]. To study if TCS induces ER
stress, we first analyzed the expression levels of GRP78/BiP,
induction of which serves as a general response to ER stress.
Western blot analysis revealed that GRP78/BiP was signifi-
cantly upregulated as early as 1 h following treatment with TCS
and remained upregulated until 24 h (Fig. 3A). Furthermore, we
also analyzed expression levels of CHOP/GADD153, which
has been implicated in mediating apoptosis during ER stress. As
shown in Fig. 3A, CHOP/GADD153 is also increased upon
TCS-treatment.

It is known that caspase-4 acts as the initiator caspase in
ER stress-induced apoptosis pathway in human system [17].
Therefore, to further verify that TCS induces apoptosis via the
ER stress pathway, we determined whether caspase-4 was
involved in TCS-induced HL-60 apoptosis. Cells were treated
with 100 μg/ml TCS for various periods of time and cleavage/
activation of caspase-4 was examined by western blot
analysis. As shown in Fig. 3B, TCS treatment induced

cleavage of caspase-4 and the active fragments increased in a
time and dose-dependent manner. Consistent with western blot
analysis, the measurement of caspase-4 specific activity
confirmed that caspase-4 activity was also induced by TCS-
treatment in a time- and dose-dependent manner (Fig. 3C). To
confirm whether caspase-4 activation actually contributes to
TCS-induced apoptosis, we determined the effect of z-YVAD-
FMK, a specific caspase-4 inhibitor, on apoptotic ratio
assessed by FACS analysis. Indeed, z-YVAD-FMK signifi-
cantly decreased TCS-induced apoptosis from 72.9% to 49.5%
(Fig. 3D), suggesting that caspase-4 partially contributes to
TCS-induced apoptosis in HL-60 cells. As expected, co-
treatment of z-YVAD-FMK and z-LEHD-FMK, a caspase-9
inhibitor, further dramatically decreased TCS-induced apopto-
sis to 19.6% (Fig. 3D), suggesting that these two pathways
work in concert to activate caspase-3 and trigger final cell
demise. Together, the induction of key ER stress response
proteins and activation of caspase-4 strongly support the
notion that ER stress is involved in TCS-induced apoptosis in
HL-60 cells.

3.4. Mitochondria were involved in the TCS-induced apoptosis

Caspase-9 is considered the initiator caspase involved in
mitochondria-initiated intrinsic pathway, however, it may also
be activated by other signals. Therefore, to confirm the
involvement of mitochondria signaling pathway during TCS-
induced apoptosis, given that a reduction of mitochondria
membrane potential (MMP) is among the early changes in
apoptosis, we further investigated the changes in MMP. Cells
treated with 100 μg/ml TCS for various periods of time were
collected and stained with DiOC6(3), a mitochondrial specific
and voltage-dependent dye. Lower levels of DiOC6(3)
fluorescence intensity suggested impaired MMP. As shown in
Fig. 4A, the percentage of cells with impaired MMP began to
increase as early as 1.5 h after treatment with 100 μg/ml TCS
and kept increasing along with increased treatment duration. We
also examined the release of critical mitochondrial proteins such
as cytochrome c or Smac from the mitochondria to cytosol, a
prerequisite step for caspase-9 activation in mitochondria-
initiated apoptosis pathway. As shown in Fig. 4B, the absence
of COX IV in the cytosolic fraction demonstrated that this
fraction was free of mitochondrial contamination. Indeed, the
levels of cytochrome c and Smac in cytosolic fractions were
also significantly increased by TCS treatment in a time-
dependent manner, along with a concurrent decrease in
mitochondrial cytochrome c, confirming the involvement of
mitochondria in TCS-induced apoptosis.

3.5. Fas/FasL signaling pathway was not involved in the
apoptosis

Caspase-8 was considered as the initiator caspase of death
receptor-triggered extrinsic pathway and the activation of
caspase-8 appears to suggest that the extrinsic pathway may
play a role in TCS-induced apoptosis. Since Fas receptor
system has been extensively studied as a model of death-
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Fig. 2. TCS-induced apoptosis was caspase-dependent. (A) Cells were treated with TCS at 100 μg/ml for 3, 6, 12, 24 h, respectively, or at various concentrations for
24 h. The cleavages of caspase-8, -9, and -3 were investigated by immunoblot with appropriate antibodies. β-actin was probed as a loading control. The experiments
were repeated three times with similar results. (B) After pretreatment with 100 μM z-VAD-FMK or DEVD-CHO for 2 h followed by 100 μg/ml TCS treatment for
24 h, cells were stained with Hoechst 33258 and images obtained. Arrow indicated apoptotic nuclear fragmentation. The results were representative of three
independent experiments. (C) The effect of caspase inhibitors on TCS-induced apoptosis examined by flow cytometry. Cells were pretreated with 100 μM of various
caspase inhibitor(s) as indicated for 2h followed by an additional 24 h treatment with 100 μg/ml TCS. The percentage of apoptotic cells was determined by flow
cytometry. Results are means±S.E.M. of three independent experiments. *Pb0.05, compared with TCS-treated group; #Pb0.05, compared with z-VAD-FMK or
DEVD-CHO pretreated group; and &Pb0.05, compared with z-IETD-FMK+z-LEHD-FMK pretreated group; there was no significant difference between z-VAD-
FMK or DEVD-CHO pretreated group.
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Fig. 3. ER stress was involved in TCS-induced apoptosis. (A) TCS induced upregulation of BiP and CHOP. Cells were treated with 100 μg/ml TCS for 1h, 2 h, 3 h, 6 h,
12 h and 24 h, and the expressions of ER stress proteins were analyzed by western blot. β-actin was used as a loading control. The results were representative of three
independent experiments. (B) TCS induced activation of caspase-4. Cells were treated with TCS at 100 μg/ml for 0, 3, 6, 12, 24 h, respectively, or at various
concentrations for 24 h. The cleavages of caspase-4 were investigated by western blot with its specific antibody. Because the antibody was more reactive with the
proenzyme than with the cleaved fragment, we chose to show the proenzyme after a shorter exposure and the cleaved fragment after a longer exposure of the same
membrane. β-actin was used as a loading control. The experiments were repeated three times with similar results. (C) The effect of TCS on caspase-4 activity in HL-60
cells. Cells were treated as indicated in panel B and the activity of caspase-4 measured using the substrate Ac-LEVD-pNA. Relative caspase-4 activity was calculated
as a ratio of emission of treated cells to untreated cells. Results were means±S.E.M. of three independent experiments. *Pb0.05, **Pb0.01, compared with control
cells. (D) The effect of caspase-4 inhibitor on TCS-induced apoptosis. Cells were pretreated with 100 μM z-YVAD-FMK or in combination with z-LEHD-FMK,
followed with 100 μg/ml TCS treatment for 24 h, and the apoptosis was determined by FACS analysis. Results were means±S.E.M. of three independent experiments.
*Pb0.05, **Pb0.01, compared with TCS-treated group.
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receptor triggered apoptosis, to investigate the involvement of
the extrinsic pathway, Fas and Fas ligand expression were
examined by immunoblot analysis. Astonishingly, the expres-
sion levels of neither Fas receptor nor Fas ligand were
changed by TCS treatment within the 24-h treatment period
(Fig. 5A). Furthermore, pre-treatment with Fas-blocking
NOK-1 monoclonal antibody (0.5 μg/ml) for 2h failed to
block TCS-induced apoptosis (Fig. 5B). Collectively, these
data excluded the involvement of Fas/FasL pathway in TCS-
induced caspase-8 activation and apoptosis.

3.6. Caspase-8 was activated via caspase-9 and -4 dependent
pathways

Besides death receptor-triggered apoptotic pathway, caspase-
8 could be activated by other initiator caspases due to crosstalk
between different apoptotic pathways. To explore the activation
mechanism of caspase-8, cells were pretreated with z-VAD-
FMK, z-LEHD-FMK or z-YVAD-FMK, respectively before
being treated with 100 μg/ml TCS for 24h. As shown in Fig. 6,
TCS-induced caspase-8 cleavage/activation was partially blocked

Fig. 4. The mitochondria were involved in TCS-induced apoptosis. (A) TCS treatment disrupted mitochondria membrane potential. HL-60 cells were exposed to
100 μg/ml TCS for 1h, 3 h, 6 h, 12 h and 24 h respectively, and mitochondrial membrane potential was assessed with DiOC6(3) fluorescence by flow cytometry. One
representative experiment out of three independent experiments is shown. (B) TCS induced release of cytochrome c and Smac from mitochondria to cytoplasm. HL-60
cells were exposed to 100 μg/ml TCS for 1 h, 3 h, 6 h 12 h or 24 h, after which cytosolic and mitochondrial fractions were prepared as described in Materials and
methods. The levels of cytochrome c and Smac in these fractions were examined with western blot. The same cytosolic fraction was also probed with COX IV, a
mitochondrial membrane protein, to demonstrate that the cytosolic fraction was free of mitochondrial contamination. Mitochondrial fraction was used as a positive
control for COX IV. In a parallel gel of cytosolic fraction, β-actin was used as a loading control. The experiments were repeated three times with similar results.
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by z-YVAD-FMK or z-LEHD-FMK pretreatment alone, but
almost completely blocked by co-treatment of z-YVAD-FMKand
z-LEHD-FMK. As a positive control, TCS-induced caspase-8
cleavage/activation was also almost completely inhibited by the
pan-caspase inhibitor, z-VAD-FMK pretreatment, as expected.
This suggests that both caspase-4 and -9 work upstream of
caspase-8.

3.7. Caspase-8, -9 and -4 acted upstream to the activation of
caspase-3

We demonstrated that caspase-4, -8 and -9 were involved in
TCS-induced HL-60 apoptosis. Next, we investigated whether

caspase-3 activation is the common step downstream to each of
these initiator caspases by using the specific inhibitors of these
caspases. As shown in Fig. 7A, TCS induced production of 17
and 19 kDa active fragments of caspase-3 which can be partly
blocked by the pretreatment with either z-LEHD-FMK,
z-YVAD-FMK, or z-IETD-FMK alone. Notably, the production
of these active fragments was more dramatically blocked by the
treatment of combination of z-LEHD-FMK and z-YVAD-FMK
or combination of all three inhibitors which was very similar to
the effect of the pan-caspase inhibitor of z-VAD-FMK. In the
meantime, we also measured the caspase-3 specific activity and
found that caspase-3 activity was significantly increased with
TCS treatment (Fig. 7B). Consistent with the immunoblot
analysis, caspase-3 activity can be partly inhibited by the
pretreatment with either z-LEHD-FMK, z-YVAD-FMK, or
z-IETD-FMK alone. A more complete inhibition was achieved
by the treatment of combination of z-YVAD-FMK and
z-LEHD-FMK or combination of all these three inhibitors,
which was very similar to the effect of the pan-caspase inhibitor
of z-VAD-FMK. Collectively, these data suggested that
caspase-3 was activated by each of these pathways.

4. Discussion

Many studies reported that TCS induces apoptosis in various
tumor cell lines with caspase-3 being involved [1–3]. However,
few of them have tried to delineate the specific apoptotic
pathways involved. Several upstream pathways may lead to
caspase-3 activation and the clarification of their involvement
will likely shed new light onto mechanism(s) involved. In the
present study, using TCS-induced HL-60 cell death as a model,
we thoroughly examined involvement of various apoptotic
pathways in TCS-induced apoptosis. We confirmed that
caspase-3 plays a major role, and like in other ribosome
inactivating proteins-induced apoptosis [27–30], mitochondria-
dependent intrinsic pathway contributes to TCS-induced
caspase-3 activation and apoptosis in HL-60 cells. More
importantly, we further demonstrated, for the first time, that
ER stress pathway likely also plays an essential role while Fas-
Fas ligand-triggered extrinsic pathway appears to not be
involved in TCS-induced caspase-3 activation and subsequent
apoptosis.

Fig. 6. Caspase-9 and -4 acted upstream to the activation of caspase-8. Cells were pretreated with 100 μMz-VAD-FMK, z-LEHD-FMK, z-YVAD-FMK or in combination
for 2 h followed by an additional 24h treatment of 100 μg/ml TCS.β-actin was used as a loading control. The results were representative of three independent experiments.

Fig. 5. Fas/Fas ligand signaling pathway was not involved in TCS-induced
apoptosis. (A) HL- 60 cells were treated with 100 μg/ml TCS for the indicated
periods of time and the expression of Fas and the Fas ligand were examined by
western blot analysis using the appropriate antibodies. β-actin was used as a
loading control. The experiments were repeated three times with similar results.
(B) Cells were pretreated with 0.5 μg/ml anti-Fas blocking NOK-1 antibodies
for 2 h followed by an additional 24 hr treatment with 100 μg/ml TCS.
Apoptosis was examined with flow cytometry. There was no significant
difference in NOK-1+TCS treated group compared with TCS-treated alone.
Values were shown as mean±S.E.M. of three independent experiments.
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Leukemia cell line HL-60 was used in this study and we first
confirmed that TCS induced apoptosis in HL-60 cells in a time-
and dose-dependent manner with morphological and biochem-
ical evidences such as accumulation of subGo/G1 cells and
appearance of DNA ladder (Fig. 1). Interestingly, there was a
strong DNA fragmentation and a high activation of caspases at
certain conditions when only around 20% apoptotic cells were
detected by flow cytometry (Fig. 1). This probably reflects the
different sensitivity of various methods. Indeed, prior studies
reported strong changes in biochemical parameters like DNA
fragmentation and caspase activity when only a small portion of
cells undergo apoptosis [1]. Further investigation indicated that
caspases are involved since various caspases were activated and
z-VAD-FMK, a general caspase inhibitor, almost completely
inhibited TCS-induced apoptosis (Fig. 2). More specifically,
DEVD-CHO, a caspase-3 inhibitor, also achieved near
complete inhibition (Fig. 2), suggesting that caspase-3 is the
major executioner caspase in TCS-induced HL-60 apoptosis. In

general, both the mitochondria-initiated intrinsic pathway and
the death receptor-triggered extrinsic pathway can lead to
caspase-3 activation. In our system, both caspase-9 and -8, the
major initiator caspases implicated in these two pathways, were
activated and inhibition of either one partially rescued cells
from TCS-induced apoptosis (Fig. 2), suggesting that each of
these caspases contributed to TCS-induced apoptosis. However,
inhibition of both caspases, while leading to further rescue of
cells suggestive of some synergistic effect, failed to completely
block TCS-induced apoptosis as evidenced by the still
significantly higher apoptotic ratio compared to that of
caspase-3 inhibitor or pan-caspase inhibitor (Fig. 2C). These
data suggested that additional pathway(s) might be involved in
TCS-induced apoptosis. Recent studies suggest ER as another
subcellular center implicated in apoptotic execution. Many
stimuli including alterations in calcium homeostasis, production
of reactive oxygen species (ROS) and accumulation of unfolded
proteins in the ER can cause ER stress [9,19] and prolonged ER

Fig. 7. Caspase-9 and -4 directly activated caspase-3 and indirectly via caspase-8-dependent pathway. (A) Cells were pretreated with z-IETD-FMK, z-LEHD-FMK,
z-YVAD-FMK, z-VAD-FMK or in different combinations for 2 h followed by an additional 24 hr treatment with 100 μg/ml TCS. The activation of caspase-3 was
examined by western blot. β-actin was used as a loading control. The band marked with * was always detected when the cells were pretreated with inhibitors which
was likely either a nonspecific band or an inactive intermediate cleavage product. The results were representative of three independent experiments. (B) Cells were
treated as indicated in panel A and the activity of caspase-3 was measured using the fluorescence substrate Ac-DEVD-pNA. Relative caspase-3 activity was calculated
as a ratio of emission of treated cells to untreated cells. Results were means±S.E.M. of three independent experiments. *Pb0.05, compared with control cells.
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stress will ultimately lead to apoptosis. Indeed, TCS induced
upregulation of GRP78/BiP, a classical marker for ER stress
response, and GADD153/CHOP, another ER stress-induced cell
death modulator, in HL-60 cells (Fig. 3) which indicated that
TCS induced ER stress. Caspase-4 is regarded as an initiator
caspase in ER stress triggered apoptosis [17]. Our study
demonstrated that TCS treatment induced caspase-4 cleavage
and activated caspase-4 in a time- and dose-dependent manner
and that TCS-induced apoptosis was partly blocked by caspase-
4 inhibitor (Fig. 3B–D), which strongly supported the notion
that ER stress signaling pathway is involved in the TCS-induced
apoptosis in HL-60 cells. Interestingly, one recent study
demonstrated that in ER stress-resistant HL-60 cells, many
ribosomal proteins were upregulated and saporin, another RIP,
can partially reverse the ER stress-resistant phenotype [31],
implicating that RIP may impact ER function and cause or
facilitate ER stress which is consistent with our finding.
However, it is unclear how TCS may induce ER stress. One
potential explanation is that TCS induced elevated [Ca2+]i and
ROS production like in JAR cells [1] which could cause
ER stress. This needs to be tested since we recently found that
[Ca2+]i and ROS may not be involved in TCS-induced
apoptosis in other cell types like K562 [4]. Indeed, in our
preliminary study, we also found that calcium appears not to be
involved in TCS-induced apoptosis in HL-60 cells either (data
not shown). Alternatively, TCS, a type I RIP, could inhibit
protein synthesis by inactivating ribosomes in cell-free system
by its N-glycosidase activity [32–34]. The inhibitory activity
might result in large amounts of immature proteins which would
accumulate in the ER as misfolded proteins and cause ER stress.

Another novel finding of our study is that Fas/FasL–
triggered extrinsic apoptotic pathway appears not to be involved
in TCS-induced apoptosis despite an obvious activation of
caspase-8. This is evidenced by a lack of induction of Fas or Fas
ligand upon TCS treatment and a lack of inhibitory effect of
anti-Fas blocking antibody on TCS-induced apoptosis (Fig. 5).
Due to the potential crosstalk among different apoptotic
pathways [20,27], we explored the possibility that caspase-8
is activated by mitochondrial signaling pathway and/or ER
stress rather than by Death Inducing Signaling Complex (DISC)
during the extrinsic apoptotic pathway. Our study showed that
the activation of caspase-8 was partly blocked by z-LEHD-
FMK or z-YVAD-FMK pretreatment alone, and almost
completely blocked by combination of both inhibitors or
z-VAD-FMK (Fig. 6). These data suggested that caspase-8
was activated in a caspase-dependent pathway, and caspase-9
and -4 acted upstream to the activation of caspase-8.

Although the mitochondrion is involved in many RIP-
induced apoptosis [27,28], its involvement in TCS-induced
apoptosis has not been established. In this study, we first
demonstrated that caspase-9 is activated (Fig. 2A, C) which
implicated the mitochondrial involvement since caspase-9 is
the initiator caspase for the mitochondria-mediated intrinsic
apoptotic pathway. Next, we directly demonstrated that TCS
induced impaired mitochondrial membrane potential (Fig. 4A).
Moreover, TCS also caused release of key mitochondrial
proteins, cytochrome c and Smac, from mitochondria to

cytosol (Fig. 4B) which are consistent with caspase-9
activation observed since these are prerequisite steps for
caspase-9 activation [10,11,35,36]. Given the presence of
crosstalk between various apoptotic pathways, one may argue
this pathway may be downstream to ER stress-triggered
pathway. Our studies using combinations of different caspase
inhibitors helped delineate the relationship among them: since
neither caspase-4 nor caspase-9 inhibitor alone can completely
block caspase-3 activation and subsequent apoptosis while the
combination of caspase-4 and -9 inhibitors show more dramatic
effects, it is likely that TCS induced the activation of these two
pathways independently. Collectively our results clearly
established the involvement of mitochondria pathway in
TCS-induced apoptosis. However, the mechanism regarding
how TCS, or more broadly RIP, may induce mitochondrial
dysfunction is unclear. One potential cause is that TCS or other
RIP might result in the inhibition of synthesis of constitutive
protein(s) required to maintain the mitochondrial permeability
transition pore (MPTP) in a closed state keeping the apoptotic
machinery in check [28,37].

Caspase-3 was implicated in TCS-induced apoptosis in
previous studies. We confirmed that actually caspase-3 may be
the only common executioner caspase involved in TCS-induced
HL-60 cell apoptosis since DEVD-CHO, the caspase-3
inhibitor, completely blocked TCS-induced apoptosis (Fig. 2).
We also demonstrated that both mitochondrial dependent
caspase-9 and ER-stress dependent caspase-4 were involved
in caspase-3 activation because both z-LEHD-FMK and z-
YVAD-FMK partly block the cleavage and activity of caspase-3
(Fig. 7A, B). In our immunoblot analysis, a band around 20 kDa
was always present whenever a caspase inhibitor was added
(Fig. 7A). Because there is no caspase-3 activity detected in
many of these conditions (Fig. 7B), this is likely a non-specific
band or an inactive intermediate cleavage product, which was
also detected in the study of doxorubicin-induced apoptosis by
other groups [38,39]. Since the inhibition of caspase-8 led to
partial inhibition of caspase-3 cleavage and activity and
apoptosis (Fig. 7) and caspase-8 was activated in a caspase-9

Fig. 8. Proposed scheme of various apoptotic pathways involved in TCS-
induced apoptosis in HL-60 cells.
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and -4-dependent manner (Fig. 6), it is likely that caspase-9 and
-4 induced caspase-3 activation both directly and indirectly via
caspase-8.

In summary, the present study demonstrated that TCS
induced HL-60 cell apoptosis through both the caspase-9-
dependent mitochondrial pathway and caspase-4-dependent ER
stress-triggered pathway. Both initiator caspases directly
activated caspase-3 or via caspase-8 which eventually leads to
apoptosis in HL-60 cells (Fig. 8). Caspase-3 is the major
executioner caspase mediating TCS-induced apoptosis.
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