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ABSTRACT

The present study is aimed to determine the role of calcium signaling evoked by the oxygen radical, hydro-
gen peroxide (H,O,) and the specific inhibitor of calcium reuptake thapsigargin on apoptosis in the human
leukemia cell line HL-60. Our results show that treatment of HL-60 cells with 100 uM H,O, and 1 uM thapsi-
gargin induced a transient increase in cytosolic free calcium concentration ([Ca*] ) due to calcium release from
internal stores. These stimulatory effects on calcium signals were followed by activation of the mitochondrial
permeability transition pore (MPTP), as well as a time-dependent increase in caspase-9 and -3 activities. Our
results also show that H,O, and thapsigargin were able to increase the relative content of fragmented DNA and
phosphatidylserine externalization, as detected by double-staining with propidium iodide (PI) and annexin-
V-FITC, respectively. Treatment of cells with H,O, or thapsigargin resulted in activation of the proapoptotic
protein Bid. Furthermore, coimmunoprecipitation experiments showed active Bax was bound to Bid, which
regulates Bid activity and promotes apoptosis. Our findings suggest that H,O,- and thapsigargin-induced apo-

ptosis is dependent on rises in [Ca*]_ in human myeloid HL-60 cells. (Int J Biomed Sci 2009; 5 (3): 246-256)
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INTRODUCTION

Apoptosis is a gene-regulated form of cell death that
is critical for normal development and tissue homeostasis.
A major component of the apoptotic machinery involves a
family of aspartic acid-directed cysteine proteases, called
caspases (cysteinyl aspartate-specific proteinases), which
cleave multiple protein substrates en masse, leading to the
loss of cellular structure and function and ultimately re-
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sulting in cell death (2).

From a functional point of view, caspases are involved
in apoptosis acting both initiators (caspase 8, 9, and 10)
and effectors (caspase 3, 6, and 7) (2). Caspase 8 was iden-
tified as the most important initiator enzyme of the Fas/
CD95 pathway (3). Caspase 9 interacts with many other
regulators and transducers, such as cytochrome c, in in-
trinsic pathway (4). Both initiator caspases are activators
of downstream caspases. Caspase 3, the most important
among them, executes the final disassembly of the cell by
cleaving a variety of cell structure proteins and generating
DNA strand breaks (5).

Traditionally, two apoptotic pathways have been de-
scribed. One pathway is the so-called extrinsic pathway
initiated by the binding of an extracellular death ligand,
such as FasL, to its cell-surface death receptor, such as Fas
(6). The second pathway is the intrinsic pathway, which
is mediated by mitochondrial alterations. In response to
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apoptotic stimuli, several proteins are released from the
intermembrane space of mitochondria into the cytoplasm
(7). Some of these well-characterized proteins include cy-
tochrome ¢, which mediates the activation of caspase-9 (8),
triggering in turn a cascade of caspase activation, includ-
ing caspase-3, which promotes cellular self-destruction.

On the other hand, whereas ion calcium is a key regu-
lator of cell survival, the sustained elevation of cytosolic
free calcium concentration ([Ca*]) plays a role in cell
death (9). The proapoptotic effects of calcium are medi-
ated by a diverse range of calcium-sensitive factors that
are compartmentalized in various intracellular organelles
including endoplasmic reticulum and mitochondria (10).
Excessive calcium load to the mitochondria may induce
apoptosis by stimulating the release of apoptosis promot-
ing factors from the mitochondrial intermembrane space
to the cytoplasm and by impairing mitochondrial function
(10).

Calcium-dependent increase in mitochondrial perme-
ability to ions and solutes with molecular masses up to
1500 Da, matrix swelling, and uncoupling of oxidative
phosphorylation, which has been defined as permeability
transition (12), is currently ascribed to the opening of the
mitochondrial permeability transition pore (mPTP) (13).
The mPTP is a megachannel formed in the mitochondrial
membranes which is found at the contact sites between in-
ner and outer mitochondrial membranes (14, 15). Under
conditions like oxidative stress, calcium overload, and low
ATP levels, a number of members of Bcl-2 family are re-
cruited to enable the pore formation at its high conduc-
tance state (14, 15).

Furthermore, mitochondria are the major source of re-
active oxygen species (ROS) in the cell. Superoxide (O, ™)
is generated by the operation of complexes | and Il in the
matrix and is converted to hydrogen peroxide (H,0,) by
Mn-superoxide dismutase. Apoptosis can also be stimu-
lated by ROS in several cell types (16-18). Recently, it has
been reported that ROS can mediate the apoptosis induced
by either growth factors, such as transforming growth fac-
tor-B (TGF-B) in human lens epithelial cells (19), or clas-
sical agonists, such as thrombin in human platelets (20) or
progesterone in human spermatozoa (21).

Although ROS and calcium have been separately re-
ported to be important mediators of apoptosis, little cor-
relation between these two mediators has been reported.
Here, we focused on the role of intracellular calcium in
H,O,-induced apoptosis in human leukemia cell line HL-
60 in culture, analyzing caspase-3 and -9 activation, mito-
chondrial depolarization, induction of the mitochondrial
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permeability transition pore and activation of the proap-
optotic proteins Bax and Bid.

MATERIALS AND METHODS

Materials

HL-60 15-12 cell line (ECACC N° 88120805), a vari-
ant of HL-60 which is differentiating towards either neu-
trophils or monocytes was purchased from The European
Collection of Cell Cultures (ECACC) (Dorset, U.K.). Fe-
tal bovine serum (FBS) and penicillin/streptomycin were
obtained from HyClone (Aalst, Belgium). L-Glutamine,
RPMI 1640 medium were obtained from Cambrex (Verv-
iers, Belgium). Dimethyl sulfoxide (DMSO), thapsigargin,
N-acetyl-Asp-Glu-Val-Asp-7-amido-4-methylcoumarin
(AC-DEVD-AMC), dithiothreitol (DTT) and anti-Bax
monoclonal antibody (Clone 6A7) were obtained from Sig-
ma (Madrid, Spain). N-acetyl-Leu-Glu-His-Asp-7-amido-
4-trifluoromethylcoumarin (AC-LEHD-AMC) was from
Bachem (Bubendorf, Switezerland). Calcein-AM and
fura-2 acetoxymethyl ester (fura-2/AM) were obtained
from Molecular Probes (Barcelona, Spain). Propidium
iodide (PI) and annexin-V-FITC were from Immunostep
(Salamanca, Spain). Horseradish peroxidase-conjugated
goat anti-rabbit IgG antibody was from Santa Cruz (Santa
Cruz, CA, U.S.A.). Protein A-agarose and horseradish per-
oxidase-conjugated sheep anti-mouse IgG antibody were
from Upstate Biotechnology Inc. (Madrid, Spain). Anti-
Bid antibody was from Cell Signaling (Barcelona, Spain).
Hyperfilm ECL was from Amersham (Arlington Heights,
IL, U.S.A)). All other reagents were of analytical grade.

Cellular culture

Human promyelocytic leukemia HL-60 cells were
grown in RPMI 1640 medium supplemented with 2 mM
L-glutamine, 10% heat-inactivated fetal bovine serum,
100 U/mL penicillin, 100 pg/mL streptomycin and 1.25%
DMSO at 37°C under a humidified condition of 95% air
and 5% CO,. Cells were routinely plated at a density of 3
x 10° cells/ml into fresh flasks and the viability was >95%
in all experiments as assayed by the trypan-blue exclusion
method.

Measurement of cytosolic free calcium concentration
([Ca*])

Cells were loaded with fura-2 by incubation with 2 pM
fura-2 acetoxymethyl ester (fura-2/AM) for 45 minutes at
37°C according to a procedure published elsewhere (22).
Once loaded, cells were washed and gently resuspended in
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Na-HEPES solution containing (in mM): NaCl, 140; KClI,
47, CaCl,, 1.2; MgCl,, 1.1; glucose, 10; and HEPES, 10
(pH 7.4). Fluorescence was recorded from 2 mL aliquots of
magnetically stirred cellular suspension (2 x 108 cells/mL)
at 37°C by using a spectrofluorophotometer (Shimadzu
RF-5301-PC) with excitation wavelengths of 340 and 380
nm and emission at 505 nm. Changes in [Ca**]_were moni-
tored by using the fura-2 340/380 nm fluorescence ratio
and were calibrated according to the method of Grynk-
iewicz et al. (23). In the experiments where calcium-free
medium is indicated, calcium was omitted and 1 mM eth-
ylene glycol-bis(2-aminoethylether)-N,N,N",N"-tetraacetic
acid (EGTA) was added.

Assay for caspase activity

To determine caspase-3 and -9 activity, stimulated or
resting cells were sonicated and cell lysates were incu-
bated with 2 mL of substrate solution (20 mM HEPES,
pH 7.4, 2 mM EDTA, 0.1% CHAPS, 5 mM DTT and 8.25
UM of caspase substrate) for 1 h at 37 °C as previously
described (24). The activities of caspase-3 and -9 were
calculated from the cleavage of the respective specific
fluorogenic substrate (AC-DEVD-AMC for caspase-3 and
AC-LEHD-AMC for caspase-9). Substrate cleavage was
measured with a fluorescence spectrophotometer with ex-
citation wavelength of 360 nm and emission at 460 nm.
Preliminary experiments reported that caspase-3 or -9
substrate cleaving was not detected in the presence of the
inhibitors of caspase-3 or -9, DEVD-CMK or z-LEHD-
FMK, respectively. The data were calculated as fluores-
cence units/mg protein and presented as fold increase over
the pretreatment level (experimental/control).

Calcein and CI,Co co-loading

Cells were loaded with 1 uM calcein-AM in the pres-
ence of 1 mM CI,Co during 15 minutes at 37°C and later
were washed using always the same RPMI medium where
the cells had been grown. Mitochondrial calcein fluores-
cence was measured with a fluorescence spectrophotom-
eter with excitation wavelength of 488 nm and emission at
515 nm (25). Data are expressed as fractional changes of
emitted fluorescence (F/F).

Annexin-V staining

Cells were harvested through and washed twice with
PBS and centrifuged at 500 g for 5 min, then the superna-
tant was discarded and the pellet was resuspended in 95
uL annexin-V-binding buffer at a density of 10°-10° cells/
mL with 2.5 ug/mL annexin-V- FITC at 4°C for 30 min.
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Cells were analyzed by flow cytometry on a FACScan
cytometer (BD Biosciences) after addition of 2.5 pug/ mL
propidium iodide (PI). 10,000 events were analyzed using
the FL-1 and FL-3 detector filters. Each sample was tested
3 to 5 times in independent experiments. Annexin-V binds
to those cells that express phosphatidylserine on the outer
layer of the cell membrane, and PI stains the cellular DNA
of those cells with a compromised cell membrane. This
allows for live cells (unstained with either fluorochrome)
to be discriminated from apoptotic cells (stained only with
annexin-V) and necrotic cells (stained with both annexin-
V and PI).

Cell cycle analysis

After treatment, cells (approximately 1 x 10° cells/mL)
were washed with PBS and fixed in 70% ethanol for 30
min at 4°C. The cells were again rinsed with PBS and re-
suspended in 500 pL PBS containing 2.5 pg/mL PI and 50
pg/mL RNase. The samples were kept in the dark at 4°C
for 30 min and analyzed by flow cytometry on a FACScan
cytometer (BD Biosciences) using the FL-2 detector filter.
Cells undergoing apoptosis stain with PI and exhibit a re-
duced DNA content with a peak in the hypodiploid region
(26) The percentages of every phase (G2/M, S, and GO/GI)
were analyzed and the percentage of apoptosis was taken
as the fraction with hypodiploid DNA content.

Immunoprecipitation

Bax activation and association with Bid were deter-
mined by immunoprecipitation as previously described
(27). Briefly, HL-60 cell suspensions were stimulated, as
indicated, and lyzed by mixing equal volume of cell sam-
ple with a radio immunoprecipitation assay buffer (RIPA
2x). Following preparation of cell lysates, protein concen-
tration was determined using the Bradford assay and ad-
justed to a protein concentration of 50 pg/mL with lysis
buffer. Bax was immunoprecipitated from cell lysates by
incubation with 2 pg of anti-Bax antibody (clone 6A7) and
protein A-agarose overnight at 4°C on a rocking platform.
Immunoprecipitates were resolved by 15% SDS-PAGE
and Western blotting was performed as described in the
following section.

Western blotting

Bax and Bid expression in HL-60 cells was analyzed
by Western Blotting. Briefly, HL-60 cell suspensions
were stimulated, as indicated, and lyzed by mixing with
the appropriate amount of Laemmli buffer. Following
preparation of cell lysates, protein concentration was
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determined using the Bradford assay and adjusted to
a protein concentration of 50 ug/mL with lysis buffer.
Proteins were separated by 15% SDS-PAGE and elec-
trophoretically transferred, for 2 h at 0.8 mA/cm?, in a
semi-dry blotter (Hoefer Scientific, Newcastle, Staffs.,
U.K.) onto nitrocellulose for subsequent Western blot-
ting. Non-specific protein binding sites of the nitrocel-
lulose membranes were blocked by incubating overnight
with 10% (w/v) BSA in Tris-buffered saline with 0.1%
Tween 20 (TBST). Membranes were incubated with the
anti-Bax antibody diluted 1:200 in TBST for 2 h or with
the anti-Bid antibody diluted 1:500 overnight. To detect
the primary antibodies, blots were incubated with horse-
radish peroxidase-conjugated sheep anti-mouse IgG an-
tibody diluted 1:5000 or horseradish peroxidase-conju-
gated donkey anti-rabbit IgG antibody diluted 1:10000 in
TBST, respectively, and exposed to enhanced chemilu-
minescence reagents for 5 min. Blots were then exposed
to photographic films and the optical density was esti-
mated using scanning densitometry.
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Statistical Analysis

Data are presented as mean + standard error of mean
(S.E.M.) and analysis of statistical significance was per-
formed using Student’s t-test. p<0.05 was considered to
indicate a statistically significant difference.

RESULTS

Effects of H,0, on calcium mobilization

In the presence of normal extracellular calcium con-
centration, fura-2-loaded HL-60 cells were treated with
the oxygen radical H,0,. As shown in Figure 1A, stimula-
tion with 100 uM H, O, caused a slow and sustained [Ca*']
. increase, which reached a stable [Ca**]_plateau after 5-7
minutes of administration. Figure 1 also demonstrates that
the increase of [Ca*]_ induced by 100 uM H,0, was also
observed in calcium-free medium (Figure 1B), reflecting
the release of calcium from intracellular store(s), though
the calcium signal was smaller compared to that obtained
in the presence of extracellular calcium. As expected,
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Figure 1. Effect of H,0, on [Ca*] . Fura-2-loaded HL-60 cells were stimulated with 100 uM H,O, (A and B) or 1 uM thapsigargin (TG)
(C and D) as indicated by arrows in a calcium-normal ([Ca®*] =1.2 mM) (A and C) or -free solution ([Ca*] =0 mM + | mM EGTA) (B
and D). Traces are representative of 5-7 independent experiments.
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stimulation of HL-60 cells with the specific inhibitor of
calcium reuptake thapsigargin (1 pM) in the presence of
normal extracellular calcium concentration, caused a typi-
cal transient increase in [Ca*], which reached a stable
[Ca*], plateau after 4-5 minutes of stimulation (Figure
1C). This increase induced by thapsigargin was also ob-
served in a calcium-free medium (Figure 1D), also reflect-
ing the release of calcium from internal pools.

H,0, induces activation of caspase-3 and -9

To examine the effect of H,O, on caspase-3 activation,
HL-60 cells were treated with 100 uM H,0O, for 10-120
min. As shown in Figure 2A, treatment of cells with 100
uM H,O, induced a time-dependent activation of cas-
pase-3. Cell stimulation with 100 uM H,O, caused a de-
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Figure 2. Time course and concentration dependence of H,0,
-induced activation of caspase-3. HL-60 cells were stimulated
for various periods of time (10-120 minutes) with 100 uM H, O,
(A) or for 120 minutes with increasing concentration of H,O, (1
uM-1mM) (B). Caspase-3 activity was estimated as described
under “Material and Methods”. Values are presented as means
+ SEM of 5-8 separate experiments and expressed as percent-
age above control (untreated samples). *p<0.05 compared to
control values.
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tectable activation of caspase-3 after 20 min of treatment
with a 134 + 12 % above control, and the maximum effect
was obtained after 120 min of stimulation (215 + 31 %
above control, Figure 2A, p<0.05). Caspase-9 is an initia-
tor caspase that is involved in the initial steps of mitochon-
drial apoptosis (9). To investigate whether the activation of
caspase-3 induced by H,O, is a mitochondrial apoptosis,
we checked the caspase-9 activity in the presence of 100
uM H,O,. Consistent with the results presented above, ac-
tivation of caspase-9 by 100 uM H,O, showed a similar ac-
tivation pattern to that of caspase-3, reaching a maximum
peak of caspase-9 activity after 120 min of stimulation,
with a 189 + 40 % above control (Figure 3A).

However, the effect of H,0, on caspase-3 and -9 acti-
vation was not clearly concentration-dependent, as shown
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Figure 3. Time course and concentration dependence of H,0,
-induced activation of caspase-9. HL-60 cells were stimulated
for various periods of time (10-120 minutes) with 100 uM H,0O,
(A) or for 120 minutes with increasing concentration of H,0, (1
pM-1 mM) (B). Caspase-9 activity was estimated as described
under “Material and Methods”. Values are presented as means
+ SEM of 4-6 separate experiments and expressed as percent-
age above control (untreated samples). *p<0.05 compared to
control values.
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in Figures 2B and 3B. In fact, treatment for 120 min at 1
UM or 10 uM was unable to induce activation of caspase-3
and -9. The maximun effect was obtained with 100 uM of
H,O,, while 1 mM H, 0, induced a lower activation of the
caspase-3 and -9 than 100 uM H,O, (Figure 2B and 3B).
In addition, the treatment of HL-60 cells with 1 uM thap-
sigargin, a sarco-endoplasmic reticulum calcium ATPase
(SERCA) inhibitor, which depletes the intracellular cal-
cium stores, was also able to induce a time-dependent ac-
tivation of caspase-3 and -9, reaching a maximal caspases
activities after 60 minutes of stimulation (Figure 4).

Activation of mPTP by H,O,

To further investigate the role of H,O, in mitochondrial
apoptosis, we probed mPTP opening in HL-60 cells load-
ed with calcein-AM in the presence of cobalt chloride to
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Figure 4. Time course dependence of thapsigargin-induced
activation of caspase-3 and -9. HL-60 cells were stimulated for
various periods of time (10-60 minutes) with 1 uM thapsigargin
(TG). Caspase -3 (A) and -9 (B) activities were estimated as
described under “Material and Methods”. Values are presented
as means + SEM of 5 separate experiments and expressed as
percentage above control (untreated samples). *p<0.05 com-
pared to control values.
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quench fluorescence from all cellular domains except from
within mitochondria (25, 30). Using this protocol, 100 uM
H,O, caused a loss of mitochondrial calcein fluorescence
(Figure 5). Similar results, although to a larger extent,
were obtained when the cells were treated with 1 uM thap-
sigargin (Figure 5), suggesting that H,0, and thapsigargin
cause permeability transition pore induction in mitochon-
dria. Although this protocol does not distinguish between
calcein efflux and cobalt influx, it is consistent with induc-
tion of the permeability transition pore.

Effects of H,0, on cell cycle

To evaluate the effect of H,0, on cell cycle, cells were
stained with PI which has affinity for nucleic acids, and
incubated with RNase in presence of triton X-100, 0.01%
as nonionic detergent which supplies the PI staining. An
increase in hypodiploid DNA content was found in H,O,-
treated cells. Treatment with 100 uM H, O, for 120 minutes
showed an important Sub-Gl arrest at expense of the rest
of the phases, mainly G0/G1 was decreased after the H,0,
treatment compared with the control group (Figure 6A).
On the other hand, treatment of cells with 1 uM thapsigar-
gin for 60 minutes shows similar results, which consisted
in an increase of sub-Gl and a decrease in other phases
compared with the control group (Figure 6A).

Annexin-V-FITC and PI stainings were used to detect
apoptotic and necrotic changes in H,O,-treated HL-60
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Figure 5. H,0, causes a loss of mitochondrial staining by
calcein. Calcein-loaded cells in the presence of 1 mM CI.Co
were stimulated with 100 uM H,0, or 1 uM thapsigargin (TG).
Changes in calcein fluorescence were detemined as shown
under “Material and Methods” and are expressed as fractional
changes of emitted fluorescence (F/F)). Traces are representa-
tive of 5-6 independent experiments.
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cells. Double-stained cells were analyzed by flow cytome-
try and the results revealed that a 9 £ 1.5 % of control cells
had only annexin-V positivity (early apoptotic cells) and 4
+ 1 % annexin-V/PI positivity (necrotic cells) (Figure 6B).
As also shown in Figure 6B, 100 uM H,0O, induced an in-
crease in the percentage of apoptosis. The population of
early apoptotic cells increased after 120 minutes treatment
with 100 uM H,0, (28 + 0.5%, Figure 6B). In addition,
the treatment of cells with 100 uM H,0O, for 120 minutes
induced a slight increase in the population of necrotic cells
as compared with the control group (7 + 0.6 % versus 4 +
1%). For comparison, the effect of administration of 1 uM
thapsigargin for 60 minutes is included in Figure 6. Thap-
sigargin treatment increased in the same way the number
of apoptotic cells in a 29 + 1%, as revealed by annexin-V
assay, and the percentage of necrotic cells was 7 + 0.7%
(Figure 6B). These results indicate that the treatments with
H,O, and thapsigargin trigger cells to apoptosis.

Effects of H,0, on activation of Bax and Bid

We have further investigated whether the expression
of the proapototic proteins, Bax and Bid may be altered
by treatment of HL-60 cells with H,O,. Bid activation

was analyzed by Western blotting using a rabbit anti-Bid
antibody that detects both the cleaved (active) and native
forms of Bid (31). Active Bax was detected by immunopre-
cipitation with the anti-Bax antibody (clone 6A7), which
reacts only with Bax in its conformationally active state,
followed by Western blotting with the same antibody as
described previously (27, 32). Other forms of Bax were
detected by Western blotting of the samples with the anti-
Bax antibody (clone 6A7). As shown in Figure 7A, 100 uM
H,O, and 1 uM thapsigargin did not significantly modify
the expression of Bax in these cells, detected as the sum of
the amount of the forms of Bax detected at 42 and 21 kDa
(after treatment with H,O, or thapsigargin Bax expression
increased by 106.3 = 9.8% of control and 109.2 + 10.6%
of control, respectively). In contrast, Bid expression, es-
timated as described for Bax, was significant increased
after treatment with both agents, with an increase of 117.0
+ 6.3% of control after treatment with 100 uM H,O, and
111.1 + 1.2% of control in cells treated with thapsigargin
(p<0.05, Figure 7C). As shown in Figure 7B, incubation
of HL-60 cells with either 100 uM H,O, or 1 uM thapsi-
gargin slightly enhanced Bax activity by 102.1 + 2.1% of
control and 103.6 + 8.2% of control, respectively.
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On the other hand, we also analyzed Bax activation
and Bax/Bid association by co-immunoprecipitation us-
ing a mouse monoclonal anti-Bax antibody (clone 6A7)
that recognises a specific region that is very close to the
Bax dimerization domain that is only exposed once Bax
is activated in its monomeric conformation (33). We found
that HL-60 treatment with either 100 uM H,O, for 120
minutes or 1 pM thapsigargin for 60 minutes, significant-
ly increased Bid and Bax association in a 149.7 £+ 28.6%
of control and in a 147.1 + 35.0% of control, respectively
(Figure 7D, p<0.05).
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DISCUSSION

The proapoptotic effects of calcium are mediated by
a diverse range of calcium-sensitive factors that are com-
partmentalized in various intracellular organelles includ-
ing endoplasmic reticulum and mitochondria (28). It has
been reported that a prolonged elevation in [Ca*]_and al-
terations in calcium homeostasis initiate the mitochondrial
apoptotic pathway (9, 28) and induce endoplasmic reticu-
lum stress that, in turn, leads to apoptosis (29). Excessive
calcium load to the mitochondria may induce apoptosis
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by stimulating the release of apoptosis promoting factors
from the mitochondrial intermembrane space to the cyto-
plasm and by impairing mitochondrial function (11, 34).
Apoptosis can also be stimulated by ROS in several cell
types (24-26); even it has been shown that H,0, evokes
increased [Ca*]_in the absence of extracellular calcium,
indicating that H,O, mobilizes calcium from intracellular
stores (7, 21) leading cells into an apototic state.

This study was designed to determine the effects of the
reactive oxygen species H,O, and the specific inhibitor of
calcium reuptake thapsigargin on mitochondrial apoptosis
in the HL-60 tumor cell line, which is a useful cellular
model to study cell growth of leukemia cells. Our results
demonstrate that H,0, and thapsigargin evoked apoptotic
events through the increase of [Ca*]_in HL-60 cells, in-
ducing caspase -9 and -3 activation, induction of the mPTP
and activation of proapoptotic proteins.

Caspase-9 and -3 are major mediators of apoptotic cell
death and their activation is widely considered an apoptot-
ic marker. Here, we show that stimulation of HL-60 cells
with H,O, or thapsigargin increased caspase-3 activity in
a time-dependent manner. These results are in agreement
with previous studies, where the activation of executioner
caspase-3 is reported by H,O, and thapsigargin (35-37).
According to Shi et al. (4) caspase-3 can be also activated
by either extrinsic and by mitochondrial-mediated (intrin-
sic) pathway. Additionally, our results also demonstrate
a time dependent activation of the initiator caspase-9 in-
duced by administration of H,O, or thapsigargin, which is
indicating the mitochondrial involvement in the activation
of caspase-3. In addition, our findings demonstrate that
caspase activation evoked by H,O, or thapsigargin is ac-
companied by induction of mPTP, which strongly suggests
the mitochondrial participation of the intrinsic pathway of
apoptosis. Our results are in agreement with studies which
support that endogenous reactive oxygen species, such as
H,0O,, cause apoptosis through mPTP (38, 39), and an ex-
cessive intracellular [Ca?*] has been linked to activation of
the mPTP and induction of apoptosis (40).

A number of studies showed that high concentration
of H,O, induces necrosis and low concentration induces
apoptosis (41-43). Although apoptosis and necrosis have
different effects on cellular physiology, the cellular re-
sponse to H,O, is continuum from apoptosis to necrosis
(41). Our findings by flow cytometry indicate that the
treatment of H,O, for 120 minutes induces a significant
increase in both the population of apoptotic cells and the
population of necrotic cells, but the increase in the apop-
totic population was notably higher than the necrotic one.
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Similar results were found when the intracellular calcium
stores were depleted by thapsigargin, which showed a
higher increase in the annexin-V stained population than
double stained one (annexin-V and PI). This suggests that
depletion of intracellular calcium stores by thapsigargin
or oxidative stress resulting from H,O, treatment induce
early apoptotic state mainly in HL-60 cells. Alternatively,
in this study we showed that the effects of H,O, and thap-
sigargin on caspase activation are related with alteration
in the cell cycle progression. In fact, depletion of intra-
cellular calcium stores by H,O, and thapsigargin reveals
variations on cell cycle since the G2/M and S phases are
arrested by the Sub-Gl one. This result indicates that H,0,
and thapsigargin have proapoptotic effects.

During apoptosis several members of the Bcl-2 family
undergo activation. For instance, caspase 8 activation, via
stimulation of Fas in the plasma membrane, induces rapid
activation of Bid and evokes its translocation to mitochon-
dria as tBid. tBid, with 15 kDa, is able to bind Bax favoring
their anchoring to the mitochondrial membrane, a process
that is required for the activation of MAP-1 and the release
of cytochrome c (44-46). Bid activation was analyzed by
Western blotting using a rabbit anti-Bid antibody that de-
tects both the cleaved (active) and native forms of Bid (31).
Active Bax was detected by immunoprecipitation with the
anti-Bax antibody (clone 6A7), which reacts only with Bax
in its conformationally active state, followed by Western
blotting with the same antibody as described previously
(27, 32). Other forms of Bax were detected by Western
blotting of the samples with the anti-Bax antibody (clone
6A7). Our results indicate that neither H,O, nor thapsigar-
gin induce Bax activation; however, association of Bax
and Bid is induced by both H,0, and thapsigargin, as well
as Bid activation under the same treatments in HL-60
cells. The effects of the treatments in HL-60 cells are in
agreement with Lee (47) who probed that H,O, is not able
to alter Bax activity, or even, other anticancer drugs that
have been evaluated in this cell model, such as furanodi-
ene, which is only able to alter Bid activity, meanwhile
other Bcl-2 family members like Bax or Bcl-2 remain
unaltered (48). However, other results suggest that Bax is
activated and translocated to the mitochondria by H,O, in
SW480 human colon adenocarcinoma cell line (49). This
apparent discrepancy could be attributed to the different
methodological procedures to determine Bax activation.
In the present study we stimulated the cells with 100 uM
for 120 minutes, while results shows by Nie et al. (49) were
obtained after 6 hours of incubation, whereas under short
time (6 hours) the endogenous Bax proapoptotic activity
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was not detected (49). All together, our results suggest that
not only proapoptotic proteins Bax and Bid are less active
in resting HL-60 cells than in cells where calcium reup-
take has been inhibited, or in cells treated with ROS, but
also that cell treatment with both agents induced activa-
tion of the transduction and expression mechanism of both
proapoptotic proteins, which eventually resulted in a cel-
lular death by apoptosis.

CONCLUSIONS

The data presented here show the oxygen radical H,O,
and the inhibitor of calcium reuptake thapsigargin cause
activation of caspase-3 and -9. Our studies also demon-
strate that apoptotic events induced by both treatments are
mainly of mitochondrial origin and are able to increase
cell death by apoptosis and necrosis. We conclude that
intracellular calcium depletion by treatment with H,O,
or thapsigargin, may induce the mitochondrial calcium-
overload which in turn would generate more ROS which
activate apoptotic phenomenon in the human myeloid cell
line HL-60.

ACKNOWLEDGMENTS

This work was supported by MEC-DGI and Junta de
Extremadura grants BFU2007-60091 and PRI07-A024,
respectively. I. Bejarano and Pedro C. Redondo are sup-
ported by Junta de Extremadura grant (PRE06070) and
by MEC- Ramon & Cajal program (RYC-2007-00349) re-
spectively.

CONFLICT OF INTEREST
The authors declare that no conflicting interests exist.

REFERENCES

1. Stennickes HT, Salvesen GS. Biochemical characteristics of caspase-3,
-6, -7, and -8. J. Biol. Chem. 1997; 272: 25719-25723.
2. Earnshaw WC, Martins LM, Kaufmann SH. Mammalian caspases:
structure, activation, substrates, and functions during apoptosis.
Annu. Rev. Biochem. 1999; 168: 383-424.
. Kischkel FC Hellbardt S, Behrmann I, et al. Cytotoxicity-dependent
APO-1 (Fas/CD95)-associated proteins form a death-inducing signal-
ing complex (DISC) with the receptor. EMBO J. 1995; 14: 5579-5588.
4. Shi Y. Mechanisms of caspase activation and inhibition during apop-
tosis. Mol. Cell. 2002; 9: 459-470.

5. Enari M, Sakahira H, Yokoyama H, et al. A caspase-activated DNase
that degrades DNA during apoptosis, and its inhibitor ICAD. Nature.
1998; 391: 43-50.

[95)

www.ijbs.org

Int ] Biomed Sci

&

Ashkenazi A, Dixit VM. Death receptors: signaling and modulation.

Science. 1998; 281: 1305-1308.

Morgado S, Granados MP, Bejarano 1, et al. Role of intracellular cal-

cium on H,0,-induced mitochondrial apoptosis in rat pancreatic acinar

ARA42J cells. J. Appl. Biomed. 2008; 6: 215-228.

8. Grenn DR, Redd JC. Mitochondria and apoptosis. Science. 1998; 281:

1309-1312.

Demaurex N, Distelhorst C. Cell biology. Apoptosis - the calcium con-

nection. Science. 2003; 300: 65-67.

10. Hajnoczky G, Csordas G, Madesh M, et al. The machinery of local
Ca?* signalling between sarco-endoplasmic reticulum and mitochon-
dria. J. Physiol. 2000; 529: 69-81.

. Wang X. The expanding role of mitochondria in apoptosis. Genes Dev.
2001; 15: 2922-2933.

12. Hunter DR, Haworth RA. The Ca?-induced membrane transition in
mitochondria. I11. Transitional Ca?* release. Arch. Biochem. Biophys.
1979; 195: 468-477.

13. Zoratti M, Szabo I. The mitochondrial permeability transition. Bio-
chem. Biophys. Acta. 1995; 1241: 139-176.

14. Crompton M. The mitochondrial permeability transition pore and its
role in cell death. Biochem. J. 1999; 341: 233-249.

15. Kroemer G, Reed JC. Mitochondrial control of cell death. Nat. Med.
2000; 6: 513-519.

16. Suzuki YJ, Forman HJ, Sevanian A. Oxidants as stimulators of signal
transduction. Free Radic. Biol. Med. 1997; 22: 269-285.

17. Tan S, Sagara Y, Liu Y, et al. The regulation of reactive oxygen spe-
cies production during programmed cell death. J. Cell Biol. 1998; 141:
1423-1432.

18. Brookes PS, Yoon Y, Robotham JL, et al. Calcium, ATP, and ROS: a
mitochondrial love-hate triangle. Am. J. Physiol (Cell Physiol). 2004;
287: 817-833.

19. Yao K, Tan J, Gu W, et al. Reactive oxygen species mediates the apop-
tosis by transforming growth factor beta(2) in human lens epithelial
cells. Biochem. Biophys. Res. Commun. 2007; 354: 278-283.

20. Lopez JJ, Salido GM, Goémez-Arteta E, et al. Thrombin induces
apoptotic events through the generation of reactive oxygen species in
human platelets. J. Thromb. Haemost. 2007; 5: 1283-1291.

21. Bejarano I, Lozano GM, Ortiz A, et al. Caspase 3 activation in human
spermatozoa in response to hydrogen peroxide and progesterone. Fer-
til. Steril. 2008; 90: 1340-1347.

22.Bejarano [, Terron MP, Paredes SD, et al. Hydrogen peroxide increases
the phagocytic function of human neutrophils by calcium mobilisa-
tion. Mol. Cell Biochem. 2007; 296: 77-84.

23. Grynkiewicz C, Poenie M, Tsien RY. A new generation of Ca?* indi-
cators with greatly improved fluorescence properties. J. Biol. Chem.
1985; 260: 3440-3450.

24. Rosado JA, Lopez JJ, Gomez-Arteta E, et al. Early caspase-3 activa-
tion independent of apoptosis is required for cellular function. J. Cell
Physiol. 2006; 209: 142-152.

25. Petronilli V, Miotto G, Canton M, et al. Transient and long-lasting
openings of the mitochondrial permeability transition pore can be
monitored directly in intact cells by changes in mitochondrial calcein
fluorescence. Biophys. J. 1999; 76: 725-734.

26. Yang QH, Xu JN, Xu RK, et al. Antiproliferative effects of melatonin
on the growth of rat pituitary prolactin-secreting tumor cells in vitro.
J. Pineal. Res. 2007; 42: 172-179.

27. Lopez 11, Salido GM, Pariente JA, et al. Thrombin induces activation
and translocation of Bid, Bax and Bak to the mitochondria in human
platelets. J. Thromb. Haemost. 2008; 6: 1780-1788.

28. Hajnoczky G, Davis E, Madesh M. Calcium and apoptosis. Biochem.
Biophys. Res. Commun. 2003; 304: 445-454.

29. Rao RV, Ellerby HM, Bredesen DE. Coupling endoplasmic reticulum

~

©

—_

Vol.5 No.3 September 2009

255



256

30.

3

—

32.

33.

34.

3s.

3

(o2}

37.

38.

39.

40.

CALCIUM SIGNALING ON HL-60 CELLS APOPTOSIS

stress to the cell death program. Cell Death Differ. 2004; 11: 372-380.
Bejarano I, Redondo PC, Espino J, et al. Melatonin induces mitochon-
drial-mediated apoptosis in human myeloid HL-60 cells. J. Pineal.
Res. 2009; 46: 392-400.

. Gross A, Yin XM, Wang K, et al. Caspase cleaved BID targets mito-

chondria and is required for cytochrome c release, while BCL-XL pre-
vents this release but not tumor necrosis factor-R1/Fas death. J. Biol.
Chem. 1999; 274: 1156-1163.

Phillips DC, Martin S, Doyle BT, et al. Sphingosine-induced apopto-
sis in rhabdomyosarcoma cell lines is dependent on pre-mitochondrial
Bax activation and post-mitochondrial caspases. Cancer Res. 2007; 67:
756-764.

Hsu YT, Youle RL. Nonionic detergents induce dimerization among
members of the Bel-2 family. J. Biol. Chem. 1997; 272: 13829-13834.
Deniaud A, Sharaf el dein O, Maillier E, et al. Endoplasmic reticu-
lum stress induces calcium-dependent permeability transition, mito-
chondrial outer membrane permeabilization and apoptosis. Oncogene.
2008; 27: 285-299.

Dipietrantonio AM, Hsieh T, Wu JM. Activation of caspase 3 in HL-60
cells exposed to hydrogen peroxide. Biochem. Biophys. Res. Commun.
1999; 255: 477-482.

. Matsura T, Kai M, Fujii Y, et al. Hydrogen peroxide-induced apoptosis

in HL-60 cells requires caspase-3 activation. Free Radic. Res. 1999;
30: 73-83.

Zhu WH, Loh TT. Roles of calcium in the regulation of apoptosis in
HL-60 promyelocytic leukemia cells. Life Sci. 1995; 57: 2091-2099.
Hampton MB, Fadeel B, Orrenius S. Redox regulation of the caspases
during apoptosis. Ann. N. Y. Acad. Sci. 1998; 854: 328-335.

Chandra J, Samali A, Orrenius S. Triggering and modulation of apop-
tosis by oxidative stress. Free Radic. Biol. Med. 2000; 29: 323-333.
Norberg E, Gogvadze V, Ott M, et al. An increase in intracellular Ca?

September 2009 Vol.5 No.3

is required for the activation of mitochondrial calpain to release AIF
during cell death. Cell Death Differ. 2008; 15 (12): 1857-1864.

41. Gardner AM, Xu FH, Fady C, et al. Apoptotic vs. nonapoptotic cyto-
toxicity induced by hydrogen peroxide. Free Radic. Biol. Med. 1997,
22:73-83.

42. Lennon SV, Martin SJ, Cotter TG. Dosedependent induction of apop-
tosis in human tumour cell lines by widely diverging stimuli. Cell Pro-
lif. 1991; 24: 203-214.

43. Ueda N, Shar SV. Endonuclease-induced DNA damage and cell death
in oxidant injury to renal tubular epithelial cells. J. Clin. Invest. 1992;
90: 2593-2597.

44, Kandasamy K, Srinivasula K, Almery ES, et al. Involvement of
proapoptotic molecules Bax and Bak in tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL)-induced mitochondrial
disruption and apoptosis: differential regulation of cytochrome c
and Smac/DIABLO release. Cancer Res. 2003; 63: 1712-1721.

45. Tan KO, Fu NY, Sukumaran SK, et al. MAP-1 is a mitochondrial
effector of Bax. Proc. Natl. Acad. Sci. 2005; 102: 14623-14628.
46. Lovell JF, Billen LP, Bindner S, et al. Membrane binding by tBid initi-
ates an ordered series of events culminating in membrane permeabili-

zation by Bax. Cell. 2008; 135: 1074-1084.

47. Lee JE, Sohn J, Lee JH, et al. Regulation of bcl-2 family in hydrogen
peroxide-induced apoptosis in human leukemia HL-60 cells. Exp. Mol.
Med. 2000; 32: 42-46.

48. Ma E, Wang X, Li Y, et al. Induction of apoptosis by furanodiene in
HL60 leukemia cells through activation of TNFR1 signaling pathway.
Cancer Lett. 2008; 271: 158-166.

49. Nie C, Tian C, Zhao L, et al. Cysteine 62 of Bax is critical for its
conformational activation and its proapoptotic activity in response to
H202-induced apoptosis. J. Biol. Chem. 2008; 283: 15359-15369.

Int ] Biomed Sci www.ijbs.org



