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Abstract The ability to modulate balance between cell
survival and death is recognized for its great therapeutic
potential. Therefore, research continues to focus on elucida-
tion of cell machinery and signaling pathways that control
cell proliferation and apoptosis. Conventional chemothera-
peutic agents often have a cytostatic effect over tumor cells.
New natural or synthetic chemotherapeutic agents have a
wider spectrum of interesting antitumor activities that merit
in-depth studies. In the present work, we aimed at charac-
terizing the molecular mechanism leading to induction of
cell death upon treatment of the lymphoblastoid cell line
PL104 with caffeic acid phenylethyl ester (CAPE), MG132
and two conventional chemotherapeutic agents, doxorubicine
(DOX) and vincristine (VCR). Our results showed several
apoptotic hallmarks such as phosphatidylserine (PS) exposure
on the outer leaflet of the cell membrane, nuclear fragmenta-
tion, and increase sub-G1 DNA content after all treatments. In

addition, all four drugs downregulated survivin expression.
CAPE and both chemotherapeutic agents reduced Bcl-2,
while only CAPE and MG132 significantly increased Bax
level. CAPE and VCR treatment induced the collapse of
mitochondrial membrane potential (Δψm). All compounds
induced cytochrome c release from mitochondrial compart-
ment to cytosol. However, only MG132 caused the transloca-
tion of Smac/DIABLO. Except for VCR treatment, all other
drugs increased reactive oxygen species (ROS) production
level. All treatments induced activation of caspases 3/7, but
only CAPE and MG132 led to the activation of caspase 9. In
conclusion, our results indicate that CAPE and MG132 treat-
ment of PL104 cells induced apoptosis through the mitochon-
drial intrinsic pathway, whereas the apoptotic mechanism
induced by DOX and VCRmay proceed through the extrinsic
pathway.
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CAPE Caffeic acid phenylethyl ester
DOX Doxorubicine
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PI Propidium iodide
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Δψm Mitochondrial membrane potential
ROS Reactive oxygen species
H2O2 Hydrogen peroxide
AO Acridine orange
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EB Ethidium bromide
IAP Inhibitory apoptotic proteins
MMP Mitochondrial membrane permeabilization
XIAP X-linked inhibitor of apoptosis
cIAP-1 Cellular inhibitor of apoptosis protein 1
cIAP-2 Cellular inhibitor of apoptosis protein 2
AML Acute myeloid leukemia
ALL Acute lymphoblastic leukemia
CML Chronic myeloid leukemia
CLL Chronic lymphoblastic leukemia

Introduction

Successful treatment of cancer is one of the greatest chal-
lenges of modern medicine. Several studies have shown that
apoptosis, the most common and well-defined form of
programed cell death, is one of the main causes of tumor
cell death after radiotherapy and chemotherapy treatment of
hematological malignancies [1–3]. Therefore, induction of
apoptosis represents an efficient strategy for cancer chemo-
therapy and constitutes a reliable marker to evaluate and
design new chemotherapeutic agents aiming at improving
patient treatment outcome [4].

Apoptosis can be induced under stress conditions, expo-
sure to cytotoxic drugs, or loss of normal adhesion to
extracellular matrix [5–7]. There are distinct subtypes of
apoptosis that, although morphologically similar, can be
triggered through different biochemical routes.

The major and best-characterized pathways leading to
apoptotic cell death are intrinsic and extrinsic ones. In the
intrinsic apoptotic pathway, death-promoting stimuli con-
verge to mitochondria favoring its dysfunction and conse-
quent release of proapoptotic factors, in part, responsible for
massive cell destruction [8].

Caffeic acid phenylethyl ester (CAPE), a derivative of
caffeic acid, is a biologically active polyphenolic compound
of propolis from honeybee hives and also a popular folk
medicine. CAPE exhibits a broad spectrum of activities
including antibacterial, antiinflammatory, antiviral, antifungal,
and antitumoral properties, among others [9–12]. CAPE has
been shown to induce apoptotic cell death in a variety of solid
tumors [13–15]. However, little is known about the effects of
CAPE in the treatment of hematological malignancies.

It has been reported that CAPE is cytotoxic to tumor
cells, at least in part, due to inhibition of NF-κB signaling
pathway [16, 17]. Nonetheless, a plethora of CAPE biolog-
ical activities is most probably associated to alteration of
more than one intracellular pathway leading to a complex
and still unclear mechanism of action.

Proteasome is a large catalytic complex responsible for
most nonlysosomal intracellular protein degradation. This
organelle is a promising target for cancer therapy as it has

been shown to impact cell cycle progression, induction of
apoptosis, cell proliferation, and other physiological pro-
cesses by regulating levels of important signaling proteins
[18]. Therefore, proteasome inhibitors are becoming poten-
tial therapeutic agents for various types of human cancers
that are refractory to current therapies.

MG132 (Z-Leu-Leu-Leu-aldehyde) is a cell-permeable
tripeptide aldehyde proteasome inhibitor, which also inhibits
calpains and cathepsins [19]. MG132, at low concentrations,
caused significant apoptotic cell death in two malignant mes-
otelioma cell lines, and in this case, mitochondrial-dependent
caspase activation was the underlying mechanism of action
[18]. Proteasome inhibition caused by exposure to MG132
selectively induced endoplasmic reticulum dysfunction and
caspase-independent cell death in human cholangiocarcinoma
cells [20]. These data strongly suggest that the mechanisms of
cell death by proteasome inhibition are complex and likely to
be cell type specific. Thus, it is important to identify particular
death pathways involved in a specific type of tumor to broad-
en the clinical application of proteasome inhibitors.

We have previously reported that CAPE and MG132
exert a potent and highly selective cytotoxic effect mediated
by cell cycle deregulation, reduction of proliferation rate,
and induction of apoptotic morphology on a novel lympho-
blastoid B cell line (PL104) as well as on primary human
leukemic cells. By contrast, doxorubicine (DOX) and vin-
cristine (VCR), two conventional chemotherapeutic drugs
used in treatment of hematological malignancies, showed
antiproliferative rather than cytotoxic effect on PL104 cells
[16].

In the present study, we aimed at exploring the underly-
ing molecular mechanism leading to CAPE, MG132, DOX,
and VCR cell death induction upon treatment of the PL104
cell line. Our results showed that all four drugs induced
apoptotic cell death by differential modulation of Bcl-2
family protein members and survivin, mitochondrial dys-
function (mitochondrial membrane potential (Δψm) dissipa-
tion, cytochrome c, and Smac/DIABLO release to cytosol
and increased reactive oxygen species (ROS) production),
and caspase activation.

Materials and methods

Materials

CAPE and MG132 were obtained from Calbiochem (San
Diego, CA, USA). Stock solutions were prepared in dime-
thylsulfoxide (DMSO) at 350 mM and 5 mM concentra-
tions, respectively. VCR was kindly provided by Filaxis
(Buenos Aires, Argentina) and DOX by Gador (Buenos
Aires, Argentina). RPMI-1640, penicillin, and streptomycin
were purchased from Invitrogen (Buenos Aires, Argentina).
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Antibodies against Bcl-2, Bax, survivin, poly ADP ribose
polymerase (PARP), procaspase 3, apoptosis-inducing factor
(AIF), cytochrome c, Smac/DIABLO, β-actin, horseradish
peroxidase-labeled anti-rabbit, and anti-goat secondary anti-
bodies were purchased from Santa Cruz Biotechnology, Inc.
(Buenos Aires, Argentina).

Cell lines and culture conditions

PL104 cells correspond to a lymphoblastoid cell line estab-
lished in our laboratory as previously described [16]. Cell
suspensions were cultured at 37 °C in a 5 % CO2 atmo-
sphere using RPMI-1640 medium supplemented with 15 %
heat-inactivated fetal calf serum (FCS), 2 mM L-glutamine,
20 mM HEPES buffer, 100 mg/ml penicillin, 150 mg/ml
streptomycin, and 50 mM 2-mercaptoethanol. Cells were
subcultured at 1:2 to 1:4 ratios every 2 to 3 days with
viability greater than 90 % (assessed by trypan blue). Treated
cells were exposed to CAPE (0–360 μM), MG132 (0–4 μM),
DOX (0–2 μM), or VCR (0–5 μM) during 2 to 24 h according
to the parameter being evaluated. Control cells were treated
with RPMI-1640 FCS 15 % or DMSO 0.1 % v/v.

Collection of cells from leukemia patients and healthy donors

Patient-derived leukemic (PDL) cells were obtained, after
informed consent and in accordance with the Declaration of
Helsinki, from bone marrow aspirates. Samples from 20
nontreated patients at diagnosis, immunophenotypically
characterized as acute myeloid leukemia [n=8], acute lym-
phoblastic leukemia [n=7], chronic lymphoblastic leukemia
[n=3], and chronic myeloid leukemia [n=2], were analyzed.
Patients were 16 males and four females, and the mean age
was 61.6±23.1 years (range, 3–63 years). Patients under
treatment or relapse phase were excluded.

Normal peripheral blood samples were obtained from eight
healthy volunteers after informed consent. The male-to-female
ratio was 5:5 with a mean age of 35 years (range, 23–60 years).

PDL cells from bone marrow aspirates or normal periph-
eral blood mononuclear cells (PBMC) were isolated by
Ficoll-Hypaque density gradient centrifugation and cultured
in RPMI-1640 containing 20 % FCS at 37 °C in a humid-
ified atmosphere with 5 % CO2. In all cases, cell viability
was greater than 95 %, as assessed by trypan blue exclusion.

Annexin V assay

Exposed phosphatidylserine (PS) on cell surface was deter-
mined by staining with annexin V–FITC/propidium iodide
(PI; Apoptosis Detection Kit; BioVision, Inc., Mountain
View, CA, USA) assay. Briefly, 1×106PL104 cells/ml were
treated with CAPE (180 and 360 μM), MG132 (2 and
4 μM), DOX (1.5 and 2 μM), and VCR (1 and 5 μM) for

24 h. Single-cell suspensions were analyzed in a FACSCa-
libur flow cytometer (Becton Dickinson, San Jose, CA,
USA) and data were analyzed using WinMDI 2.9 software
(Scripps Institute, La Jolla, CA, USA).

TUNEL assay

To detect the characteristic DNA fragmentation of apoptosis at
single-cell level, PL104 cells were either exposed to CAPE
(180 μM), MG132 (2 μM), DOX (1.5 μM), or VCR (1 μM)
during 24 h or pretreated with pancaspase inhibitor, Z-VAD.fmk
(100 μM), for 2 h. Terminal deoxynucleotidyl transferase
(rTdT)-mediated dUTP nick-end labeling (TUNEL) staining
was performed following the manufacturer's instructions pro-
vided in DeadEnd™ Fluorometric TUNEL System detection kit
(Promega, Argentina). The positive control corresponded to
PL104 cells treated with 10 U/ml of DNAse I. The negative
control was a similar sample run without rTdT enzyme. Slides
were visualized by fluorescence microscopy (Olympus BX51;
Olympus, Center Valley, PA, USA). A minimum of 200 cells
were counted for each condition. Positive cells were scored as
those with pyknotic nucleus and dark green fluorescent stain-
ing. The percentage of positive cells was calculated as follows:

% positive cells

¼ ðnumber of green fluorescent cells number of blue fluorescent=

�DAPI stained� cellsÞ � 100:

Detection of hypodiploid cells by flow cytometry

Sub-G1 DNA content in CAPE-, MG132-, DOX-, and VCR-
treated cells was measured by flow cytometry. Briefly, 1×106

cells/ml were harvested, washed once with ice-cold phosphate
buffered saline buffer (PBS), and fixed with 1 ml of ice-cold
70 % ethanol at 4 °C for 30 min. Next, PL104 cells were
suspended in 1 ml of hypodiploid solution containing 1 μg/ml
of 4′-6-diamidino-2-phenylindole (DAPI; Roche S.A., Bue-
nos Aires, Argentina)–0.1 % Triton X-100 and finally, incu-
bated for 30 min at room temperature [21]. Cellular DNA
content was measured using a PAS III flow cytometer (Partec,
Görlitz, Germany). Fifteen thousand events were acquired for
each sample. Results were analyzed using WinMDI 2.9 soft-
ware (Scripps Institute, La Jolla, CA, USA). The apoptotic
population corresponded to the percentage of cells with sub-
G1 DNA content.

Preparation of nuclear and cytoplasmic extracts

Nuclear extracts were prepared as previously described [22].
Briefly, treated cells were incubated in 400 μl of hypotonic
buffer (10 mMHEPES pH 7.9, 1.5 mMMgCl2, 10 mM KCl,
0.5 mM dithiothreitol (DTT), 0.5 mM phenylmethanesulfo-
nylfluoride (PMSF), 0.1 % Nonidet P-40) for 15 min on ice
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and centrifuged at 11,000g for 10 min. Nuclear pellets were
suspended in 60 μl of nuclear lysis buffer (20 mM HEPES,
1.5 mMMgCl2, 420 mMNaCl, 0.5 mMDTT, 0.5 mMPMSF,
0.2 mM ethylenendiaminetetraacetic acid (EDTA), 25% glyc-
erol) and incubated at 4 °C for 15 min followed by centrifu-
gation at 13,000g for 15 min. Finally, the supernatants
corresponding to nuclear extracts were stored at −70 °C until
further use. For cytoplasmic extract preparation, cells were
lysed with a hypotonic buffer (20 mM Tris pH 8.0, 150 mM
NaCl, 100 mMNaF, 10 % glycerol, 1 % Nonidet P-40, 1 mM
PMSF, 40 μg/ml leupeptin, and 20 μg/ml aprotinin) for
25 min at 4 °C and centrifuged at 12,000g for 30 min. The
supernatants were stored at −70 °C and protein concentration
was determined by Bradford assay.

Preparation of cytoplasmic extracts for cytochrome
c and Smac/DIABLO detection

PL104 cells were cultured during 2, 6, 15, or 24 h with
CAPE, MG132, DOX, or VCR at previously established
concentrations. Briefly, cells were washed twice with ice-
cold PBS, pH 7.4, followed by centrifugation at 200g for
5 min; the pellet was suspended in 600 μl extraction buffer
containing 200 mM mannitol, 68 sucrose, 50 mM HEPES,
pH 7.4, 50 mM KCl, 5 mM ethylene glycol tetraacetic acid
(EGTA), 2 mM MgCl2, 1 mM dithiothreitol and protease
inhibitors (1 μg/ml pepstatin, 1 μg/ml, 1 μg/ml leupeptin,
0.4 mM PMSF, 1 μg/ml aprotinin). Extracts were incubated
for 30 min on ice, sonicated, and centrifuged at 14,000g for
15 min. Supernatants were removed and stored at −70 °C
and protein concentration was determined by Bradford as-
say [23].

Western blot analysis

Equal amounts of protein extracts (50 μg/lane) were re-
solved by SDS-polyacrylamide gel electrophoresis and
transferred onto a nitrocellulose membrane (Sigma-
Aldrich). The membrane was blocked overnight at 4 °C in
Tris-buffered saline, containing 2 % glycine and 3 % nonfat
dried milk. In a next step, the membrane was incubated with
specific antibodies to Bcl-2, Bax, survivin, PARP, procas-
pase 3, AIF, Smac/DIABLO, cytochrome c, and β-actin for
2 h at 37 °C followed by incubation with horseradish
peroxidase-labeled secondary antibody for 1.5 h at 37 °C.
The reaction was developed using a chemiluminescence
detection system (Santa Cruz Biotechnology, Inc., Buenos
Aires, Argentina). Densitometric analysis was performed
using Scion Image software (Scion Corporation, NIH,
Bethesda, MD, USA). Densitometric index and cleavage
index were calculated as follows:

Densitometric index ¼ OD treatment OD control=

Cleavage index ¼ OD cleaved fragment OD total=ð Þ treatment=

OD cleaved fragment OD total=ð Þ control:
:

Measurement of Δym by flow cytometry

Changes in the inner mitochondrial transmembrane poten-
tial were determined with the potentiometric cationic lypo-
philic probes TMRE and DiOC6(3) (Molecular Probes,
Argentina) by incubating 1×106 treated cells for 20 min at
37 °C in the presence of TMRE 0.05 μM (for CAPE,
MG132, and VCR treatments) or DiOC6(3) 0.01 μM (for
DOX treatment). In all cases, a positive control was
obtained by exposing a sample of cells to the mitochondrial
uncoupling agent CCCP (50 μM). After loading the cells
with the probes, they were washed once with PBS and
analyzed in a PAS III flow cytometer (Partec, Görlitz, Ger-
many). Fifteen thousand events were acquired for each
sample. The data were analyzed using WinMDI 2.9 software
(Scripps Research Institute, La Jolla, CA, USA). The frac-
tion of cells with low Δψm was scored as the percentage of
cells with low fluorescence intensity.

Assessment of intracellular ROS production by flow
cytometry

ROS level wasmonitored using the fluorescent probes dichlor-
odihydrofluorescein diacetate (H2DCF-DA) and hydroethidine
(HE) (Sigma-Aldrich, Argentina). H2DCF-DA is a stable non-
polar compound that readily diffuses into cells and is hydro-
lyzed by intracellular esterase to yield DCHF, which is retained
within the cells. Hydrogen peroxide (H2O2) or low molecular
weight peroxides produced by the cells oxidize DCHF to the
highly fluorescent compound 2′,7′-dichlorofluorescein (DCF).
Thus, fluorescence intensity is proportional to the amount of
H2O2 produced by the cells. HE was used as a fluorescent
probe for intracellular superoxide anion production. PL104
cells were cultured in the presence of CAPE (0–360 μM),
MG132 (0–4 μM), DOX (0–2 μM), and VCR (0–5 μM)
during 6, 15, or 24 h. Afterwards, cells were loaded with either
1 μM H2DCF-DA or 2 μM HE for 30 min at 37 °C. Positive
controls were obtained by exposing a sample of cells to
100 μM H2O2 for 30 min (H2DCF-DA assay) or 50 μM
menadione (Sigma-Aldrich, Argentina) for 24 h (HE assay)
before staining with the probes. Cells were finally examined in
a PAS III flow cytometer (Partec, Görlitz, Germany). Fifteen
thousand events were acquired for each sample. The data were
analyzed using WinMDI 2.9 software (Scripps Research
Institute, La Jolla, CA, USA).

Analysis of caspase activity

Cells (1.5×104) per well were treated with CAPE (180 μM),
MG132 (2 μM), DOX (1.5 μM), or VCR (1 μM), either
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with or without pretreatment with pancaspase inhibitor, Z-
VAD.fmk (100 μM), during 6, 15, and 24 h. The activity of
caspase 3/7 and 9 was determined following the manufac-
turer's instructions provided in Caspase-Glow® 3/7 and
Caspase-Glow® 9 detection kit (Promega, Argentina). Lu-
minescence production was measured on a Victor plate-
reading luminometer (PerkinElmer). The signal obtained
was proportional to caspase 3/7 or 9 activity in cell culture.
Caspase activity in samples was scored as activity index that
was calculated as follows:

Activity index ¼ luminescence units of treated cells=

luminescence units of control cells:

Acridine orange and ethidium bromide staining

Morphological features associated with apoptosis were ana-
lyzed by acridine orange (AO) and ethidium bromide (EB)
staining after pretreatment of PL104 cells with Z-VAD.fmk
(100 μM) followed by the exposure to 180 μM CAPE,
2 μM MG132, 1.5 μM DOX, and 1 μM VCR for 24 h
more. Briefly, cells were suspended in a dye mix (100 μg/ml
AO plus 100 μg/ml EB in PBS) and visualized by fluores-
cence microscopy (Carl Zeiss, Germany) [16]. A minimum
number of 200 cells were analyzed for each condition, and
apoptotic cells were scored as the number of cells with frag-
mented nuclei, enlarged cytoplasm, and condensed chromatin.
The percentage of apoptotic cells was calculated as follows:

% apoptotic cells ¼ ðnumber of cells with apoptotic nuclei=

total number of cells countedÞ � 100:

Statistical analysis

All data are presented as mean+SD of a series of three
independent experiments. Statistical analyses were per-
formed with Prism 3 software (GraphPad, San Diego, CA,
USA) using one-way analysis of variance followed by
Tukey's post hoc comparison test. Group differences, treated
versus untreated, were considered statistically significant
when p<0.05.

Results

CAPE, MG132, DOX, and VCR cause exposure of PS
on cell surface and induce nuclear apoptotic hallmarks
in PL104 cells

In our previous work, we have shown that treatment of
PL104 cells with different concentrations of CAPE and
MG132 resulted in high percentages of cells with apoptotic
morphology. In the present study, we analyzed PS exposure

on drug-treated PL104 cells by labeling with fluorescent
annexin V. Figure 1a shows that treatment with CAPE
(180 and 360 μM), MG132 (2 and 4 μM), DOX (1.5 and
2 μM), and VCR (1 and 5 μM) caused the exposure of PS in
the outer leaflet of cell membrane in all assays conducted at
24 h. The percentage of annexin V-positive cells increased
with higher concentrations of CAPE, MG132, and DOX.

We further evaluated the effect of CAPE, MG132, DOX,
and VCR on PL104 cells on DNA content and nuclear
fragmentation. Figure 1b shows an increase in the percent-
age of cells having DNA fragmentation after 24-h treatment
with CAPE (180 and 360 μM), MG132 (2 and 4 μM), DOX
(0.5, 1.5, and 2 μM), and VCR (1 and 5 μM). The same
treatments considerably increased the number of cells with
sub-G1 DNA content at 24 h (Fig. 1c). These data, together
with the previously described morphologic and biochemical
changes, confirm the occurrence of apoptosis.

CAPE, MG132, DOX, and VCR differentially modify
the expression of key apoptotic regulatory proteins
in PL104 cells

Bcl-2 and IAP families of proteins play a pivotal role in
apoptotic program regulation. Therefore, we investigated
the contribution of Bax, Bcl-2, and survivin to apoptotic
cell death induced by CAPE, MG132, DOX, and VCR in
PL104 cells. CAPE (180 μM) considerably reduced Bcl-2
expression after 6 and 15 h of exposure (Fig. 2a, d). By
contrast, MG132 did not alter Bcl-2 expression level at any
of the experimental conditions tested (Fig. 2a, d). The proa-
poptotic protein Bax was upregulated to a large extent after
15 h of treatment with CAPE or MG132. DOX (1.5 μM)
and VCR (1 μM) decreased Bcl-2 expression that was
detected only at 6-h post-treatment (Fig. 2a, d), but they
did not induce major changes in Bax expression (Fig. 2b, d).

CAPE strongly decreased survivin protein level at early
time points (6 h and 15 h), while MG132, DOX, and VCR
showed a similar effect that was clearly observed after 24 h
(Fig. 2c, d). These results suggest that CAPE downregulates
antiapoptotic protein expression (Bcl-2 and survivin) in an
early phase followed by a late increase in Bax expression
that contributes to the initiation of apoptosis. MG132 upre-
gulates Bax level but also decreases survivin, while DOX
and VCR only alter the expression of Bcl-2 and survivin.

CAPE and VCR treatment, but not MG132 or DOX,
decrease Δym in PL104 cells

Loss of Δψm is often associated with alteration of inner
mitochondrial membrane and is one of several events that
characterize mitochondrial membrane permeabilization
(MMP). We measure Δym in treated cells by flow cytom-
etry using the sensitive Δψm probes TMRE or DiOC6(3). A
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decrease of Δψm was detected at 6, 15, and 24 h after
treatment of PL104 cells with 180 and 360 μM CAPE.
The maximal effect was attained after 15-h treatment with
360 μM and corresponded to 90 % of cells having collapsed

Δym (Fig. 3a). VCR also induced a decrease of Δym that
did not change significantly when the dose was increased,
persisted after 24-h exposure, and attained a maximal effect
of about 30 % of cells having collapsed Δψm (Fig. 3d). In
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contrast, MG132 and DOX did not affect Δψm even after
24-h exposure with the highest doses (Fig. 3b, c). This data
indicates that CAPE and VCR adversely affect mitochon-
drial integrity in PL104 cells by disrupting Δψm prior to the
induction of apoptotic cell death. By contrast, MG132 and
DOX induce apoptosis without altering Δψm at any of the
conditions tested.

CAPE, MG132, DOX, and VCR cause release
of mitochondrial intermembrane proteins to the cytosol
in PL104 cells

Another event that characterizes MMP is the release of
mitochondrial intermembrane proapoptotic proteins to the
cytosol. Thus, we examined by western blot whether
CAPE, MG132, DOX, or VCR modified cytochrome c and
Smac/DIABLO levels. Treatment with 180 μM CAPE
resulted in an increase in cytochrome c expression at 2 and
24 h with lower levels in between these two time points
(Fig. 4a, e). MG132 induced the release of cytochrome c from
mitochondria to cytosol after 2, 15, and 24 h of treatment
(Fig. 4b, e). DOX induced a first significant increase in
cytochrome c at 6 h, and a high expression was still observed
after 24 h (Fig. 4c, e). VCR treatment significantly increased
the expression of cytochrome c at 6 and 15 h (Fig. 4d, e).
MG132 increased Smac/DIABLO expression after 6-
h exposure, while the rest of the drugs tested did not induce
any significant changes in this protein level (Fig. 4b, e). In
summary, these results indicate that induction of apoptosis by
all four drugs in PL104 cells involve cytochrome c release
from mitochondrial compartment to cytosol. However, only
MG132 caused cytosolic increase of both cytochrome c and
Smac/DIABLO.

CAPE, MG132, and DOX, but not VCR, causes an increase
in ROS production in PL104 cells

Lethal stimuli often alter cellular energy metabolism to such
an extent that leads to bioenergetic catastrophe where

oxidative phosphorylation is arrested and ROS production
is progressively increased. Thus, we evaluated ROS level on
PL104 cells by flow cytometry after treatment with CAPE,
MG132, DOX, and VCR. Using the fluorescent probe HE,
we detected increased levels of superoxide anion after 6 and
15 h of treatment with 90, 180, and 360 μMCAPE (Fig. 5a).
By contrast, MG132 did not induce a statistically significant
increase in superoxide anion after 6-h incubation. A slight
increase to about 20 % HE-positive cells was detected with
2 μM dose and 50 % with 4 μM dose at 15 h (Fig. 5a). VCR
treatment did not modify superoxide anion levels in any of
the conditions tested (Fig. 5a). CAPE also induced a marked
increment in H2O2 production as detected by the fluorescent
probe H2DCF-DA (30 % positive cells). An increase in
H2O2 was evident after 15 and 24 h either with 180 μM or
360 μM (Fig. 5b). Again, treatment with either MG132 or
VCR did not induce any significant changes in H2O2 levels
at 15 or 24 h (Fig. 5b). By contrast, 6-h treatment with DOX
increased H2O2 levels to about 40 % positive cells, and this
level was even increased to more than 50 % positive cells
after 15 and 24 h with 2 μM and 1.5 μM dose (Fig. 5b).
These observations suggest that CAPE and DOX strongly
increase PL104 ROS production, while MG132 and VCR
have only a mild or no effect, respectively, on intracellular
ROS level.

CAPE, MG132, DOX, and VCR induce caspase activation
in PL104 cells

Massive caspase activation is a common feature of apoptosis
and contributes to the late morphologic changes observed in
apoptotic cells. We investigated the role of caspases in
apoptotic cell death of PL104 cells by analyzing protein
expression of procaspase 3, PARP, and AIF. Procaspase 3
expression showed a 2.5-fold reduction after 6 and 24 h of
treatment with CAPE as compared to untreated cells
(Fig. 6a, b). Reduced expression of procaspase 3 was asso-
ciated with an increase in PARP cleavage, in agreement with
PARP being a substrate of caspase 3 (Fig. 6a, b). MG132
also decreased procaspase 3 after 6 and 15 h of treatment
and increased PARP cleavage, being more evident at 24 h
(Fig. 6a, c). DOX treatment resulted in a reduction of
procaspase 3 expression at 6 and 24 h, with a concomitant
increase in PARP cleavage at 15 and 24 h (Fig. 6a, d). No
change in procaspase 3 expression was observed after VCR
treatment. However, cleavage of PARP was significantly
increased after 15 and 24 h (Fig. 6a, e). Expression of AIF,
a caspase-independent apoptosis effector protein, was not
modified by any of the four drugs at any of the several time
points and doses tested (Fig. 6a). We further confirm cas-
pase activity in response to drug treatment by a luminescent-
based caspase 3/7 assay. CAPE showed more than fourfold
increase in caspases 3/7 activity within 6 to 15 h of

Fig. 1 Phosphatidylserine expression on cell surface, DNA fragmen-
tation, and sub-G1 DNA content analysis. a Labeling of cells with
fluorescent annexin V. Bar graphs represent the percentage of positive
cells after treatment with CAPE, MG132, DOX, and VCR for 24 h at
the indicated doses. Control treatments correspond to DMSO 0.1 % v/v
for CAPE and MG132 and RPMI for DOX and VCR. b TUNEL
labeling of cells to quantify DNA fragmentation. Bar graphs represent
the percentage of positive cells after treatment with CAPE, MG132,
DOX, and VCR for 24 h at the indicated doses. c DNA content analysis
to identify apoptotic cells with hypodiploid DNA content. Bar graphs
represent the percentage of cells with sub-G1 DNA content after
treatment with CAPE, MG132, DOX, and VCR for 24 h at the
indicated doses. In all cases, bars indicate mean+SD of at least three
independent experiments. Differences between the mean of treated and
control cells were analyzed with Tukey's post-test after ANOVA;
(*) p<0.05; (**) p<0.01; (***) p<0.001

�
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treatment and a further decrease in its activity at 24 h
(Fig. 7a). MG132 induced a 7.7-fold increase in caspases
3/7 activity after 6-h treatment, which decreased to about
half of that value at 15 and 24 h (Fig. 7a). Both DOX and
VCR induced a clear time-dependent increase in caspases
3/7 activity, with values of twofold increase at 6 h to about
4.5-fold increase at 24 h (Fig. 7a). Caspases 3/7 can be
activated mainly due to caspase 8 and/or 9 activation. Be-
cause caspase 9 is specifically activated through the intrinsic
apoptotic pathway, which, in turn, may be induced after

various intracellular stimuli as well as cytotoxic drug expo-
sure, we measured caspase 9 activation after treatment with
CAPE, MG132, DOX, and VCR. Caspase 9 activity was
considerably increased after treatment with CAPE and
MG132 but not with DOX or VCR. CAPE induced a 1.5-
fold increase in caspase 9 activity at 4 h (Fig. 7b). MG132
treatment resulted in an early (after 4 h) 1.5-fold increase in
caspase 9. A twofold increase in caspase 9 activity was
observed after 6 h of exposure, while at 15-h post-
treatment, the activity index registered was similar to that

Fig. 2 Modulation of antiapoptotic proteins Bcl-2 and survivin and
proapoptotic protein Bax. Cytoplasmic extracts obtained from PL104
cells treated with CAPE 180 μM, MG132 2.0 μM, DOX 1.5 μM, and
VCR 1.0 μM for the indicated time periods were used to determine the
relative levels of Bcl-2 (a), Bax (b), and survivin (c) protein expres-
sion. Densitometric index of 1.0 (dark horizontal line) represents the
reference basal level in untreated cells. Bars indicate mean densito-
metric index+SD of at least three experiments. Differences between

the mean of treated cells and the densitometric reference value of 1.0 were
analyzed with Tukey's post-test after ANOVA; (*) p<0.05; (**) p<0.01;
(***) p<0.001. d A representative blot image with densitometric index
values. RPMI corresponds to untreated cells, and DMSO corresponds to
cells treated with 0.1 % v/v DMSO in RPMI. Statistically significant
densitometric index values are indicated in bold numbers. The level of
β-actin was also measured as an internal control
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of 4-h treatment. Thus, CAPE and MG132 appear to induce
apoptosis on PL104 cells through a mitochondrial-

dependent pathway, while DOX and VCR may do the same
independently of caspase 9 activation.

Fig. 3 Modulation of mitochondrial membrane potential. Percentage
of cells with depolarized mitochondria (detected by low TMRE fluo-
rescence) after treatment with CAPE (a), MG132 (b), DOX (c), and
VCR (d) for the indicated time periods and at the indicated doses. DMSO
corresponds to cells treated with 0.1 % v/v DMSO in RPMI and CCCP is
a positive control of cells with depolarized mitochondria generated by
uncoupling the respiratory chain. Depolarization of mitochondria caused
byCAPE,MG132, andVCRwas detected by staining with TMRE, while

the one caused by DOX was detected by low DIOC6(3) fluorescence due
to overlap of TMRE red fluorescence with DOX red fluorescence. Bars
indicate mean+SD of at least three independent experiments. Differences
between the mean of treated and control cells for each time period were
analyzed with Tukey's post-test after ANOVA; (*) p<0.05; (**) p<0.01;
(***) p<0.001. e Representative TMRE and DIOC6(3) fluorescence
histograms of control and treated cells
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CAPE, MG132, DOX, and VCR-induced apoptosis
is blocked by general caspase inhibitors

To conclude on the involvement of caspases in drug-induced
apoptosis of PL104 cells, we tested whether or not pretreat-
ment with the peptide Z-VAD.fmk, a pancaspase inhibitor,

could block drug-induced cell death and the apoptotic phe-
notype. In all cases, pretreatment with Z-VAD.fmk de-
creased the percentage of apoptotic cells in 24-h drug-
treated samples as determined by AO/EB staining
(Fig. 8a). The reduction of positive cells in Z-VAD.fmk-
treated samples compared to untreated cells were 78 %,

Fig. 4 Release of mitochondrial intermembrane proteins to the cyto-
sol. Cytoplasmic extracts obtained from PL104 cells treated with
CAPE 180 μM (a), MG132 2.0 μM (b), DOX 1.5 μM (c), and VCR
1.0 μM (d) for the indicated time periods were used to determine the
relative levels of cytochrome c and Smac/DIABLO. DMSO corresponds to
cells treated with 0.1 % v/v DMSO in RPMI. Densitometric index of 1.0
(dark horizontal line) represents the reference basal level in untreated cells.

Bars indicate mean densitometric index+SD of at least three independent
experiments. Differences between the mean of treated cells and the densi-
tometric reference value of 1.0 were analyzed with Tukey's post-test after
ANOVA; (*) p<0.05; (**) p<0.01. e Representative blot images for
cytochrome c, Smac/DIABLO, and β-actin, with the corresponding densi-
tometric index values of treated and control cells. Statistically significant
densitometric index values are indicated in bold numbers
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Fig. 5 ROS production. Percentage of HE-positive cells (a) and
H2DCF-DA-positive cells (b) after treatment with CAPE, MG132,
DOX, and VCR for the indicated time periods and at the indicated
doses. DMSO corresponds to cells treated with 0.1 % v/v DMSO in
RPMI, and menadione and H2O2 treatments represent the
corresponding positive controls for each fluorescent probe, respective-
ly. ROS generation caused by CAPE, MG132, and VCR was detected

by staining with both of HE and H2DCF-DA fluorescent probes, while
ROS caused by DOX was detected by H2DCF-DA fluorescence due to
overlap of HE red fluorescence with DOX red fluorescence. Bars
indicate mean+SD of at least three independent experiments. Differ-
ences between the mean of treated and control cells for each time period
were analyzed with Tukey's post-test after ANOVA; (*) p<0.05; (**) p<
0.01; (***) p<0.001
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80 %, 50 %, and 70 % for 180 μM CAPE, 2 μM MG132,
1.5 μM DOX, and 5 μM VCR, respectively. We further
confirm this blocking effect of Z-VAD.fmk by quantifying
drug-induced DNA fragmentation by TUNEL assay, procas-
pase 3 expression, PARP cleavage, and caspase 3/7 activity.
The percentage of TUNEL-positive cells induced by treat-
ment with CAPE, MG132, DOX, and VCR was significant-
ly reduced after pretreatment with Z-VAD.fmk (Fig. 8b).
Analysis of procaspase 3 expression through western blot
showed an increase for Z-VAD.fmk+CAPE and Z-

VAD.fmk+DOX compared to CAPE and DOX treatments
alone (Fig. 8c). As noted above, no modulation of procas-
pase 3 expression was observed after 24-h treatment with
MG132 or VCR, and accordingly, no increment of procas-
pase 3 was observed with Z-VAD.fmk pretreatment
(Fig. 8c). Finally, in all cases, pretreatment with Z-
VAD.fmk decreased PARP cleavage (Fig. 8c) and
resulted in approximately 100 % decrease of caspase
3/7 activity (Fig. 8d). Altogether, these blocking effects
of Z-VAD.fmk, with the aforementioned lack of AIF

Fig. 6 Caspase activation. Cytoplasmic and nuclear extracts obtained
from PL104 cells treated with 180 μMCAPE, 2.0 μMMG132, 1.5 μM
DOX, and 1.0 μM VCR for the indicated time periods were used to
determine the relative protein levels of procaspase 3, PARP, and AIF.
DMSO corresponds to cells treated with 0.1 % v/v DMSO in RPMI. a
Representative blot images for procaspase 3, PARP, AIF, and β-actin
with the corresponding densitometric index values for procaspase 3,
AIF, and β-actin or the cleavage index for PARP of treated and control
cells. Statistically significant densitometric index/cleavage index

values are indicated in bold numbers. Bar graphs for CAPE (b),
MG132 (c), DOX (d), and VCR (e). Densitometric index/cleavage
index of 1.0 (dark horizontal line) represents the reference basal level
in untreated cells. Bars indicate mean densitometric index/cleavage
index+SD of at least three independent experiments. Differences
between the mean of treated cells and the index reference value
of 1.0 were analyzed with Tukey's post-test after ANOVA; (*) p<0.05;
(**) p<0.01; (***) p<0.001
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modulation, confirmed that apoptosis induced by CAPE,
MG132, DOX, and VCR in PL104 cells is caspase-
dependent.

Comparative apoptosis-inducing efficacy of CAPE,
MG132, DOX, and VCR in bone marrow cells
from leukemia patients

We evaluated morphological features of apoptosis by
AO/EB staining in cells obtained from leukemia patients
and PBMC from normal volunteers after 24-h exposure to
each of all four drugs. In samples from patients with
AML and ALL, 360 μM CAPE and 4 μM MG132
induced higher percentages of apoptosis than 5 μM
VCR or 2 μM DOX in 24-h exposure assays (Fig. 9a,
b). Differences were less remarkable in samples from CLL
and CML (Fig. 9c).

None of the drugs tested induced a significant level of
apoptosis in normal PBMC (Fig. 9d). Thus, although all
four drugs appear to be selective for induction of apoptosis
in leukemic cells, CAPE and MG132 exhibited a higher
efficacy in AML and ALL samples.

Discussion

One of the most important advances in cancer research in
recent years is the recognition that cell death, mostly by
apoptosis, is crucially involved in the regulation of tumor
formation and critically determines treatment response. Killing
of tumor cells by most anticancer strategies currently used in
clinical oncology, including chemotherapy, γ-irradiation,

suicide gene therapy, and immunotherapy, has been related to
activation of apoptosis signal transduction pathways such as
the intrinsic and/or extrinsic pathway.

In a previous work, we showed that treatment of PL104
cells and primary leukemic cells derived from patients with
CAPE, MG132, and two chemotherapeutic agents, DOX
and VCR, induced morphologic hallmarks of apoptosis
including cytoplasm shrinkage, chromatin condensation,
and nuclear and cell fragmentation [16]. In this study, we
further analyzed the apoptotic phenotype and the molecular
mechanisms elicited by treatment of PL104 cells with the
aforementioned drugs. By means of annexin V labeling
assays, we demonstrated that CAPE, MG132, DOX, and
VCR induced cell death causing exposure of PS in the outer
leaflet of cell membrane, while TUNEL and DNA content
assays confirmed that cell death was associated with DNA
fragmentation and hypodiploid DNA content. These bio-
chemical features are hallmarks of nuclear and extranuclear
apoptosis. Thus, together with our previous morphological
findings, we conclude that all four drugs induced apoptotic
cell death in PL104 cells.

Proteasome inhibitors are known to induce cell death in
tumor cells of different histological origin, and a number of
preclinical assays have revealed their potential antitumor
activity on hematological malignancies and solid tumors
[24–26]. In agreement with this data, our work demonstrat-
ed that the proteasome inhibitor MG132, which is not cur-
rently included in any clinical protocol, induces apoptosis in
lymphoblastoid cells PL104. CAPE was demonstrated to be
cytotoxic in brain tumor cells [27], breast [13], prostate [14],
and pancreas cancer cell lines [28]. However, there are few
reports on CAPE effects in hematological malignancies.

Fig. 7 Caspases 3/7 and 9 activity. PL104 cells treated with 180 μM
CAPE, 2.0 μM MG132, 1.5 μM DOX, and 1.0 μM VCR for the
indicated time periods were used to determine the activity of caspases
3/7 (a) and caspase 9 (b) by means of a luminescence-based detection
kit following the manufacturer's instructions. Activity index of 1.0

(dark horizontal line) represents the reference basal level in untreated
cells. Bars indicate mean activity index+SD of at least three indepen-
dent experiments. Differences between the mean of treated cells and
the index reference value of 1.0 were analyzed with Tukey's post-test
after ANOVA; (*) p<0.05; (**) p<0.01; (***) p<0.001
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Thus, our finding of apoptosis induction by CAPE
underscores the potential relevance of this natural prod-
uct as an antileukemic drug and contributes to broaden
the knowledge of its biological activity in a particular
unexplored area.

We further detected drug-induced changes in the expres-
sion of Bcl-2, Bax, and survivin that are key regulatory
proteins of the apoptotic program. Survivin expression was
decreased by treatment with all four drugs. However, CAPE
decreased survivin expression at early time points, while

Fig. 8 Effect of pancaspase inhibitor Z-VAD.fmk on apoptotic indi-
cators. PL104 cells were pretreated with Z-VAD.fmk 100 μM for 2 h
followed by 24-h exposure to 180 μM CAPE, 2.0 μMMG132, 1.5 μM
DOX, and 1.0 μM VCR. a Percentage of positive cells determined
after AO/EB staining. b Percentage of TUNEL-positive cells. c Rela-
tive procaspase 3 and PARP expression by western blot analysis. Bar
graphs show densitometric index (procaspase 3) or cleavage index

(PARP) for the different treatments. d Caspase 3/7 activity by a
luminescence technique. Bar graphs show the activity index for each
case. Bars indicate mean value+SD of at least three independent
experiments. Differences between the mean of Z-VAD.fmk-treated cells
and cells treated with the corresponding drug alone were analyzed with
Tukey's post-test after ANOVA; (*) p<0.05; (***) p<0.001
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MG132, DOX, and VCR only reduced survivin after
24-h treatment. Our study is the first, as far as we are aware,
to report downmodulation of survivin by CAPE. Since
survivin is upregulated by a NF-κB transcription factor,
decreased survivin may be due to the ability of CAPE to
block NF-κB [16]. Survivin expression level changes during
the different cell cycle phases and the proteasome plays a
crucial role in the regulation of this temporal expression
pattern. Proteasome inhibitors have been shown to stabilize
survivin leading to its increased expression [29]. By con-
trast, our results showed that MG132 decreased survivin
levels, raising the possibility that MG132 elicits a different
mechanism in PL104 cells. A possible explanation could be
that proteasome inhibition may lead to a massive increase in
survivin expression, which in turn, results in a negative
feedback mechanism that causes a considerable decrease in
protein level by caspase activity.

MMP is a crucial event in triggering intrinsic apoptosis.
MMP is characterized by loss of Δym that correlates with
damage of the inner mitochondrial membrane. We found
that CAPE induced an early Δym collapse, which was
shown to increase at higher doses and prolonged incubation
time. This result could be related to the decreased Bcl-2
expression, which in turn, may be due to the observed

increased expression of Bax after treatment with CAPE.
However, it could also be explained by the ability of CAPE
to induce a prooxidant redox cellular state leading to Δym
collapse and initiation of apoptosis [30]. Similarly, VCR
induced Δψm collapse although the effect was less dependent
on the dose. Like other vinca alkaloids, VCR targets tubulin
and microtubules. However, the relationship between micro-
tubule network disturbance and the involvement of mitochon-
dria in apoptosis is not quite evident. Even so, it has been
determined that several intracellular proteins could relate in-
hibition of microtubules dynamic to the initiation of apoptosis
[31]. Neither MG132 nor DOX induced changes in Δψm at
any of the doses tested. Contrasting our results, MG132 has
been shown to induce Δψm depolarization in other leukemia
and hepatoblastoma cells [32, 33].

MMP causes mitochondria-to-cytosol translocation of
numerous proteins that are normally confined to the inter-
membrane mitochondrial space. These proteins include
three broad categories: direct caspase activators (e.g., cyto-
chrome c), indirect caspase activators (e.g., Smac/Diablo
and Omi/HtrA2), and caspase-independent cell death effec-
tors (e.g., AIF, endonuclease G and EndoG). Thus, we
evaluated the release of cytochrome c, Smac/DIABLO,
and AIF after treatment with the drugs.

Fig. 9 Induction of apoptosis in leukemic cells and normal PBMC.
Box–whisker plots obtained after determining the percentage of apo-
ptotic cells by AO/EB staining, after 24-h exposure to 360 μM CAPE,
4 μMMG132, 2 μMDOX, 5 μMVCR, and nontreated cells (basal). The

four sets of plots correspond to ex vivo drug-treated cells from acute
myeloid leukemia patients (a), acute lymphoblastic leukemia patients (b),
chronic lymphocytic leukemia together with chronic myeloid leukemia
patients (c), and PBMC from normal healthy volunteers (d)
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We observed a dual release of cytochrome c after CAPE
exposure, with an early increase in the cytosolic fraction
after 2 h, followed by a late increase at 24 h. Bernardi et al.
described the existence of two pools of cytochrome c, a
small one and a big one. The small pool of cytochrome c
accounts for approximately 15% of total protein and is tightly
membrane-bound via both electrostatic and hydrophobic
interactions, whereas the big one is located at the intermem-
brane space loosely attached as a result of weak electrostatic
interactions [34, 35]. Therefore, the first peak of cytochrome c
observed after CAPE treatment could correspond to the loose-
ly attached pool, which once in the cytosol could induce
caspase activation or increase ROS production. Both events
would act as a proapoptotic feedback loop leading to a subse-
quent release of cytochrome c from the larger pool (the second
peak that we observed). MG132 also induced a dual release of
cytochrome c. In this case, the first increase in the cytosolic
protein level was detected after 2 h of exposure followed by a
second peak at 15 h, which was kept high up to 24 h of
treatment. By contrast, DOX and VCR induced cytochrome
c release after 6 h of treatment, which was prolonged for more
than 15 h.

Only MG132 increased Smac/DIABLO expression. It is
notable that once released from the mitochondria after initi-
ation of apoptosis, Smac/DIABLO can be rapidly bound by
X-linked inhibitor of apoptosis (XIAP) and directed towards
the proteasome for degradation. Antiapoptotic proteins
XIAP, c-IAP1, and c-IAP2 not only bind and inhibit cas-
pases but also target proapoptotic molecules for proteasome
degradation to protect cells from accidental mitochondrial
damage [36, 37]. Therefore, our results support the idea that
MG132 may contribute to the stabilization of proapoptotic
Smac/DIABLO by preventing its proteasome degradation. It
is remarkable that cytochrome c release occurred prior to
Smac/DIABLO after treatment with MG132. This is in
agreement with studies that demonstrated that Smac/DIA-
BLO, but not cytochrome c efflux, is reduced when caspases
are inhibited [38]. We suggest that cytochrome c release
could act as an initial step in apoptosis of MG132-treated
PL104 cells, leading to apoptosome formation and subse-
quent caspase activation. Caspases could, in turn, induce
mitochondrial Smac/DIABLO release to the cytosol result-
ing in amplification of the apoptotic signal.

ROS play a critical role both on early and late steps of
apoptosis. We evaluated ROS production level on PL104
cells after treatment with CAPE, MG132, DOX, and VCR.
Our results showed that CAPE induced a significant in-
crease in ROS production at early time points. Susceptibility
of transformed cells to CAPE might be determined by loss
of normal redox state regulation [39, 40]. Therefore, in-
creased ROS by CAPE could have resulted from altered
redox metabolic pathways and its corresponding metabo-
lites. MG132 treatment increased ROS production in PL104

cells although not to a large extent, which contrasts results
from other studies in lung tumor cells, where MG132 was
shown to increase ROS production considerably [41]. DOX
treatment of PL104 cells resulted in a significant increase in
ROS level. DOX bioreduction, in the presence of oxygen, is
known to increase ROS in cardiac cells by elevating super-
oxide anion levels that can be converted by superoxide
dismutase to H2O2 and further metabolized to HO− [42].
This fact may explain the observed DOX capacity to in-
crease ROS while inducing apoptosis in PL104 cells. By
contrast, VCR treatment showed no changes on ROS level
at all doses and time points tested, suggesting that ROS is
not involved in VCR-induced apoptosis mechanisms in
PL104 cells.

Caspases play essential roles in apoptosis, necrosis, and
inflammation. These proteases can be activated, after mito-
chondrial outer membrane permeabilization, and are part of
the apoptotic phenotype during the execution phase more
than being part of the initiation mechanism. CAPE increased
procaspase 3 expression and PARP cleavage. We also ob-
served an early increment in caspases 3/7 activity that was
not followed by any morphological feature of apoptosis.
This data may suggest that early activation of caspases 3/7
might be related to biochemical events unrelated to endonu-
clease activation. After 4 h of CAPE exposure, prior to the
release of cytochrome c and activation of effector caspases,
we observed a statistically significant increment in caspase 9
activity. MG132 treatment resulted in an increase in procas-
pase 3 protein expression level and a consequent increase in
PARP cleavage. Using a luminescence assay, we detected a
considerable increase in caspases 3/7 activity after 6–24 h of
treatment and also an early and time-persistent increment of
caspase 9 activity. DOX increased the expression of procas-
pase 3, induced PARP cleavage, and increased caspases 3/7
activity as well. Cells exposed to VCR showed an increase
in PARP cleavage, but unexpectedly, no alteration on pro-
caspase 3 expression was detected by western blot assay.
Beyond these discrepancies, probably owing to differences
in the activity of primary antibodies used, we confirm the
ability of VCR to activate caspase 3/7 by a more sensitive
technique. Neither DOX nor VCR induced significant mod-
ifications on caspase 9 activity at doses and time points
tested. Pretreatment with a pancaspase inhibitor resulted in
a reduction of the percentage of cells with apoptotic mor-
phology and DNA fragmentation. It also increased procas-
pase 3 level with a concomitant reduction in PARP cleavage
in protein extracts. Together with the absence of AIF in
nuclear extract, which is an indicator of caspase-
independent apoptosis, our findings support a role for cas-
pases 3/7 in the apoptotic mechanisms elicited by all four
drugs.

On the basis of the different molecular events analyzed
on this work, we can conclude that CAPE and MG132
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induced apoptosis of PL104 cells by eliciting the mitochon-
drial intrinsic pathway, whereas mechanisms of apoptosis
induced by DOX and VCR may proceed through the extrin-
sic pathway even though definitive confirmation in this last
case deserves further analysis.

An in-depth knowledge of cytotoxic mechanism elicited
by CAPE and MG132 contributes to the assessment of their
potential clinical efficacy. Our preliminary assessment of 20
samples obtained from leukemic patients showed that apo-
ptosis induction by CAPE and MG132 appears to be selec-
tive for AML and ALL, at least at the experimental doses
tested.

The potential of target drugs is greatly increased by an
optimized combination often based upon knowledge of
apoptotic-inducing mechanisms. We have previously shown
that CAPE or MG132 could sensitize DOX or VCR for
improved cytotoxic efficacy against PL104 cells, while the
combination CAPE+MG132 had quite low cytotoxic efficacy
[16].

In a more recent study, we assessed the potential of
MG132 and CAPE to sensitize leukemic cells to arsenite-
induced cytotoxicity and we found that MG132+arsenite
were synergic in promonocytic leukemia cells, while
CAPE+arsenite were antagonistic [43]. Since both CAPE
and arsenite target the mitochondria and increase ROS as
one of their main mechanisms, these results highlight that
both in-depth mechanistic approaches and a thorough anal-
ysis of drug interaction are needed to demonstrate potential
efficacy in preclinical studies [44].

We are currently assessing the induction of apoptosis ex
vivo by the combination of MG132+ arsenite through these
methods in bone marrow cells from patients diagnosed with
myelodysplastic syndrome with the aim of validating the
cytotoxic efficacy and selectivity at clinically achievable
doses of arsenite and MG132. We believe that in-depth
understanding of the particular molecular mechanisms of
the apoptotic program elicited by novel targeted drugs con-
tribute to rational approaches for cancer treatment.
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