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Abstract

Purpose: The aim of the study was to investigate the molecular mechanisms involved in apoptosis
of human promyelocytic cells (HL60) induced by hyperthermia and to compare this to radiation-
induced apoptosis as a reference model.

Materials and methods: Apoptosis of HL60 cells was induced by heat-treatment (43°C during 1h) or
by y-radiation (8 Gy) and followed at increasing time periods after treatment with Annexin V binding
to phosphatidylserine (PS). The transition of the mitochondrial membrane potential (Av,,) was
estimated by the extent of mitochondrial JC-1 uptake. Bcl-2 and Bax protein expression levels were
monitored using fluorescent-labelled antibodies. Caspase activation was studied using a fluorochrome-
labelled pan-caspase inhibitor (FLLICA), which also allowed one to study the kinetics of the apoptotic
cascade.

Results: After heat-treatment or irradiation of HLL60 cells, a decreased Ay, as well as PS membrane
expression were detectable after 8h. Bcl-2 and Bax protein expression levels were decreased and
increased, respectively, 1h after heat-treatment or irradiation. The apoptotic rate of HL60 cells,
as measured by the FLICA binding, was faster with heat-treatment as compared to y-irradiation.
Addition of a pan-caspase inhibitor prevented PS externalization after heat-treatment but not after
irradiation. The presence of a pan-caspase inhibitor did not influence the decrease of Ay, both after
heat-treatment and y-irradiation. However, the addition of the specific caspase-2 inhibitor zZVDVAD-
fmk prevented the mitochondrial breakdown after heat-treatment. Inhibition of caspase-2 had no effect
on the y-irradiation induced apoptosis.

Conclusion: These results suggest that the commitment to apoptosis in HLL.60 cells after heat-treatment
is started by mitochondrial membrane transition involving the Bcl-2 family members and is mainly
executed in a caspase-dependent pathway. The results suggest that caspase-2 plays a key role in the
heat-induced apoptosis.
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Introduction

Hyperthermia has been under investigation as an effective and useful tool in anti-cancer
therapy [1]. There are many reasons why hyperthermia should be a good anti-cancer
treatment. First, hyperthermia enhances the effectiveness of other treatment modalities and,
secondly, hyperthermia Kkills tumour cells that are normally resistant to other forms
of treatment [2]. Hyperthermia also induces apoptosis in a wide range of cancer cells [3].
Although hyperthermia has been shown to induce apoptosis, the molecular mechanisms
of heat-induced apoptosis are not fully understood [4].

The aim of this study is to get more insight in the mechanisms of heat-induced apoptosis.
y-Irradiation was chosen as a reference treatment for inducing apoptosis since the molecular
mechanisms involved have been well studied in vitro [5-7].

For the initiation phase of apoptosis, the mitochondrial function was studied.
Mitochondria play an essential role in commitment of cells to apoptosis via a decreased
transmembrane potential resulting in an increased permeability of the outer mitochondrial
membrane and finally the release of cytochrome-c in the cytosol [8, 9]. Anti-apoptotic Bcl-2
family members, such as Bcl-2 and Bcl-X;, can block these mitochondrial events, whereas
pro-apoptotic Bcl-2 family members, including Bax, can trigger these changes [10, 11].
The effects of pro-apoptotic Bcl-2 family members are mediated by both caspase-dependent
and caspase-independent mechanisms [12, 13].

In the effector phase of programmed cell death the cell has passed the point of no return
and effector caspases are activated [14]. Therefore, the role of caspases was studied in heat-
induced and radiation-induced apoptosis of HL60 cells by inhibiting active caspases.
With this method it is also possible to arrest cells in apoptosis and to label the arrested cells
with fluorochrome to investigate the differences in apoptotic turnover in time between heat-
and radiation-induced apoptosis [15, 16].

During the execution phase of the death programme, alterations of the plasma membrane
occur, like exposure of phosphatidylserine (PS) due to transposition of PS from the inner
to the outer leaflet of the plasma membrane (flip-flop mechanism) [17, 18]. These
alterations in HL-60 cells were studied during heat- and y-radiation-induced apoptosis
by means of Annexin V binding to externalized PS.

Materials and methods
Cell cultures

Human promyelocytic leukemic HIL60 cells were obtained from the German Collection
of Micro-organisms (Braunschweig, Germany). Cells were cultured in RPMI-1640 medium
(BioWhittaker, Verviers, Belgium) supplemented with 10% (v/v) heat-inactivated foetal calf
serum, 100unitsmL ™' penicillin, 100 ugmL™" streptomycin and 2mM L-glutamine
(RPMI' medium). Supplements and antibiotics were obtained from Life Technologies
(Grand Island, NY). Cell cultures were maintained in a 5% CO, humidified atmosphere
at 37°C. The medium was refreshed every 3—4 days. For the experiments exponentially
growing cells were wused. Tissue culture disposables were supplied by Corning
(Badhoevedorp, The Netherlands).

Apoptrosis inducing treatments

Apoptosis was induced by heat using a thermostatically controlled water-bath filled with
distilled water to heat the cell suspension at 43°C during 1 h. Tissue culture flasks containing
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10mL cell suspension (0.5 x 10°cellsmL.™!) were submerged into the water-bath.
Temperature was monitored in all experiments with a flask containing only medium and
a temperature probe to ensure a temperature of 43 &+ 0.2°C. For radiation experiments, cells
were exposed to y-rays with a total dose of 8 Gy at a rate of 5Gymin ' with a Clinac600
6MV linear accelerator (Varian, Silicon Valley). To inhibit apoptosis a pan-caspase inhibitor
zVAD-fmk (R&D systems, Minneapolis) was used at a final concentration of 20 uM.
In addition, specific caspase-2 inhibitor zZVDVAD-fmk (R&D systems, Minneapolis) was
used 1h before the experiments at a final concentration of 10 uM in the cell suspension
according to the manufacturers protocol.

Annexin V assay

Binding of Annexin V- Fluorescein isothiocyanate (FITC; NeXins research BV, Hoeven,
The Netherlands) to PS as a measure of PS externalization and the uptake of propidium
iodide (PI; Sigma, St. Louis, MO) as a measure for membrane integrity were monitored
by flow-cytometry [19]. Cells (0.3 x 10°) were washed twice with PBS and resuspended
in freshly made HEPES buffer (Brunschwig, Amsterdam, The Netherlands) supplemented
with 147 mM CaCl,.5H,0. Cells were incubated with 0.01 pgmL ™' Annexin V-FITC for
15 min at room temperature in the dark. Directly before measurements, cells were stained
with 0.2 pgmL ™! PI. Samples were kept on ice until flow-cytometric analysis.

Mitochondrial membrane potential

To signal the breakdown of the mitochondrial membrane potential (Ayy), 0.3 x 10° cells
were washed twice and resuspended in PBS, containing 0.2% BSA [20]. Cells were
incubated with the fluorescent probe JC-1 (5,5,6,6'-tetrachloro-1,1’,3,3'-tetracthylbenzimi-
dazolyl carbocyanine-iodide) at a concentration of 0.12 M (Molecular Probes, Leiden,
The Netherlands) for 20min at 37°C. This cationic dye exhibits membrane potential-
dependent accumulation in mitochondria. In vital cells JC-1 will accumulate and form
aggregates (red fluorescence emission) in the mitochondrial matrix, whereas during
apoptosis the mitochondrial membrane potential decreases resulting in the transition
of JC-1 monomers (green fluorescence emission) to the cytoplasm. Cyclosporine-A
(Sigma-Aldrich, Zwijndrecht, The Netherlands) was added to block further changes of
the membrane potential, thereby stabilizing the mitochondrial membrane after harvesting
the cells. Staining of the cells was quantified by flow-cytometry.

Caspase activation

To detect active caspases the Fluorochrome Inhibitor of Caspases (FLLICA) method was
used [15]. Lyophilized fam-VAD-fmk fluorescent-labelled inhibitor of caspase was obtained
from Chemicon International (ITK diagnostics, Uithoorn, The Netherlands). The solution
of fam-VAD-fmk in PBS was mixed with a solution of the unlabelled inhibitor zZVAD-fmk in
a 1:4 molar ratio. The zZVAD-fmk/fluorescent fam-VAD-fmk mixture was added to 0.5 x 10°
cells at a 20 uM final concentration before apoptosis was induced. The cells were in the
continuous presence of FLICA during the experiments. Before flow-cytometry, cells were
washed twice in PBS and resuspended in PBS containing PI at a final concentration
of 1pgmL ™"
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Quantification of Bcl-2 and Bax protein levels

Intra-cellular Bcl-2 and Bax protein levels were determined by flow-cytometry 1 and 2h
after induction of apoptosis [20]. Cells (0.3 x 10°) were fixed and permeabilized using
the Intraprep kit (Immunotech, Marseille, France) and subsequently incubated with
1ug anti-Bcl-2-FITC (IgGl, Dako, Glostrup, Denmark) or 1ug anti-Bax-PE
(IgG1, Brunschwig, Amsterdam, The Netherlands). Separately for each sample an
additional negative control was performed by incubating cells with 1pg mouse
IgG1-FITC or IgG1-PE to measure non-specific fluorescent signals. All incubations with
antibodies were performed at room temperature for 20 min. Cells were then washed twice
with Isoton and resuspended in 500 ul PBS. The mean fluorescent ratio (MFR), defined as
the ratio of the mean fluorescent intensity (MFI) of primary antibody and the isotype control
stained cells, was used as a measure for Bcl-2 or Bax protein expression.

Flow cytometry

Fluorescence of individual cells was measured with a Coulter Epics XL flow-cytometer.
Excitation was elicited at 488 nm with the Argon laser and emission was subsequently
analysed by means of three fluorescence detectors; FLL1 (530nm band-pass filter),
FL2 (585 nm band-pass filter) and FL.3 (650 nm band-pass filter). In each sample, 10 000
events were measured. Annexin V-FITC and PI were detected in FLL1 and in FL3,
respectively. JC-1 fluorescence was analysed in FLL1 and in FL.2 for the detection of the dye
monomer and aggregates, respectively. FLLICA was also detected in FLL1. Bcl-2 and Bax
fluorescences were detected in FLL1 and FL.2, respectively, and the data are presented
as percentage change in MFR of treated cells compared to the MFR of untreated cells.
All other data are presented as percentage of cells, within the total population of 10000
counted cells, showing fluorescence.

Light microscopy

Cell suspensions (300 pul) containing 0.5 x 10° cellsmL ™' were centrifuged at 700 rpm for
10min with low acceleration using a cytospin3 micro-centrifuge (Shandon, Pittsburg).
The cells were fixed with methanol, stained with May-Grunwald-Giemsa and examined
at 100 x magnification.

Results
Kinetics of A\, transition; caspase activation; PS exposure and Bcl-2/Bax regulation

In the first set of experiments, cells were either heated at 43°C for 1h or irradiated with
8Gy and characteristic hallmarks of apoptosis were determined. The induction
of apoptosis was associated with a decrease of Ay, as determined by JC-1 staining
shown in Figure 1(a). Normal vital cells possess a high mitochondrial membrane potential.
However, under apoptotic conditions the inner mitochondrial membrane potential
decreases, resulting in an increased permeability of the outer mitochondrial membrane.
Depolarization of the mitochondrial membrane occurred after 8 h for heat-induced HIL60
cells and reached a maximum after 24h when 70% of the cells showed A, transition.
For radiation-induced cells JC-1 monomers were detected after 8h at a lower rate
compared to heat-induced cells, indicating slower A, transition kinetics. The activated
proteolytic caspases were analysed using FLICA, which binds only to active caspases.
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Figure 1. Kinetics of Ay, transition, caspase activation and PS exposure associated with heat- and
radiation-induced apoptosis of HLL60 cells. HLL60 cells were exposed to 43°C during 1h (HT) or to
8 Gy y-radiation (RT). Figures show the percentage of cells, within the total population of 10000
counted cells, showing fluorescence. (a) Reduction of Ay, determined by the extent of mitochondrial
JC-1 uptake. JC-1 monomers represent a decreased Av,,, whereas with a normal Ay, JC-1
aggregates in mitochondria to a crystalline structure. At the indicated time, the percentage of cells with
JC-1 monomer fluorescence were determined with the flow-cytometer. (b) Percentage of cells with
activated caspases determined using FLICA. (c¢) The percentage of cells with PS exposed to the outer
leaflet of the cell membrane determined with Annexin V-FITC binding to PS. The results are the
mean +SD (n=3).

As shown in Figure 1(b), activated caspases were found 8h after exposure to both heat
and y-radiation, closely associated with A, transition. The activation of effector caspases
led to PS externalization, as can be seen in Figure 1(c). Fifty per cent of the heat-induced
cells showed Annexin V binding after 48 h. Since mitochondria are major targets for Bcl-2
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Figure 2. Intra-cellular Bcl-2 and Bax protein levels. (a) Percentage decrease in mean fluorescent
ratio (MFR) of Bcl-2, compared to MFR of Bcl-2 for untreated HL60 cells, 1 and 2h after heat-
treatment (HT; 43°C during 1 h) or y-irradiation (RT; 8 Gy). (b) Percentage increase in MFR of Bax,
compared to MFR of Bax for untreated HIL60 cells, 1 and 2h after heat-treatment (HT) or
y-irradiation (RT). The MFR, defined as the ratio of the mean fluorescent intensity (MFI) of primary
antibody and the MFI of the isotype control stained cells, was used as a measure for Bcl-2 or Bax
protein expression. The results are the mean +SD (n=3).

family proteins, the expression levels of anti-apoptotic Bcl-2 and pro-apoptotic Bax was
monitored directly after heat-treatment or y-irradiation. In Figure 2(a) the percentage
decrease of intra-cellular Bcl-2 fluorescence compared to that of untreated HL60 cells is
shown. As soon as 1h after treatment with heat or y-radiation, Bcl-2 protein levels drop
and continue to decrease for heat-treated cells (2h), whereas for radiation-induced
cells the Bcl-2 protein levels after 2h are comparable to that of untreated cells.
The pro-apoptotic protein Bax shows a significant up-regulation of expression levels up to
250% for heat-induced and 130% for radiation-induced HI60 cells compared to the
expression levels of untreated cells (Figure 2(b)).

Analysis of the apoprotic rate

Studying the apoptotic rate is difficult due to loss of cells by cell disintegration in time.
Exposure of cells to FLICA blocks the activation of caspases and arrests further progress
of the apoptotic cascade and, therefore, prevents cellular disintegration. The fluorescent
labelling of the cells that enter into apoptosis and the labelling of dead cells with PI offers
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Figure 3. The apoptotic rate after heat-treatment (HT; 43°C during 1 h) and y-radiation (RT; 8 Gy).
The percentage of viable, early and late apoptotic cells are shown. Figures show the percentage of cells,
within the total population of 10000 counted cells, showing fluorescence. The different cell
populations based on FLICA and PI uptake were plotted as a function of time after heat-treatment (a)
or y-irradiation (b) of HL60 cells in the continuous presence of FLICA. The fraction of viable cells is
FLICA™ and PI", determined with the flow-cytometer as described in materials and methods. Early
apoptotic cells are FLICA' and PI". In the late stage of apoptosis cells loose plasma membrane
integrity and become FLICA™ and PI". The results are the mean +SD (n=3).

the possibility to measure the cumulative apoptotic turnover in time [16]. Figure 3(a)
shows the different apoptotic stages of HLL60 cells in time after treatment with heat (43°C
during 1h). After 8h the first typical features of early apoptosis (FLICA*/PI™) start to
emerge. The early apoptotic fraction reaches a maximum at 24 h, where 40% of the cells
show caspase activity. Subsequently, HL.60 cells lost their plasma membrane integrity and
their ability to exclude PI (FLICA*/PI"). This late apoptotic fraction is visible after 24 h
and increases up to 74% for heat-induced apoptosis at 48 h. The fraction of cells that are
permeable to PI and lost the ability to bind FLICA (FLICA PI"), also called the ‘necrotic
stage’ was absent due to caspase inactivation (data not included). The viability (FLICA™/
PI™) of the HL60 cells dropped from 92% to 9% within 48 h. The later onset of radiation-
induced cell death observed by studying the kinetics of the apoptotic cascade (Figure 3(b))
is in agreement with the findings that the breakdown of A, and the exposure of PS on

the outer membrane leaflet occurred at a lower rate compared to heat-induced apoptosis
in HLL60 cells.
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Figure 4. Effect of pan-caspase inhibitor zVAD-fmk on A/, disruption and PS exposure. HL60 cells
were treated with heat (HT; 43°C during 1 h) or y-radiation (RT; 8 Gy) in the presence (4) or absence
(=) of 20 uM zVAD-fmk. Figures show the percentage of cells, within the total population of 10 000
counted cells, showing fluorescence. (a) Percentage of cells with JC-1 monomers after 24 h, correlating
with a depolarized mitochondrial membrane potential. (b) Percentage of cells that show PS exposure
48h after induction of apoptosis. zZVAD-fmk was added before induction of apoptosis and was
continuously present. The results are the mean £ SD (n=3).

Influence of caspase inhibition on A\, and PS exposure

To investigate the role of caspases in A, transition and PS exposure, the effect was
investigated of the pan-caspase inhibitor zZVAD-fmk on heat- and radiation-induced
apoptosis in HLL60 cells. It was observed that the disruption of the mitochondrial membrane
and subsequently the breakdown of Ay, does not require caspase activation, since
zVAD-fmk was unable to block the mitochondrial membrane potential (MMP) shift
(Figure 4(a)). However, a truly caspase-independent MMP pathway is hereby not proven
since some caspases are insensitive to the caspase inhibitor zZVAD-fmk. Caspase-2 is known
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Figure 5. Effect of caspase-2 inhibitor zZVDVAD-fmk on A, disruption. HLL60 cells were treated
with heat (HT; 43°C during 1h) or y-radiation (RT; 8 Gy) in the presence or absence of 10 uM
zVDVAD-fmk. Figures show the percentage of cells, within the total population of 10000 counted
cells, showing fluorescence. Percentage of cells with JC-1 monomers after 24 h, correlating with a
depolarized mitochondrial membrane potential. The results are the mean +SD (n=3).

to be insensitive to zZVAD-fmk and can directly evoke the release of cytochrome c¢ from
isolated mitochondria. Therefore, the specific caspase-2 inhibitor zZVDVAD-fmk was used
to further investigate the role of caspases in MMP changes both after heat-treatment and
irradiation of HLL60 cells. The results presented in Figure 5 show that caspase-2 inhibition
prevented the breakdown of the MMP after heat-treatment. In addition, inhibition of
caspase-2 had no effect on y-irradiation induced apoptosis. Although pan-caspase inhibition
did not block mitochondrial events induced by hyperthermia, zVAD-fmk significantly
reduced events downstream of mitochondrial changes such as PS externalization and
cellular disintegration. PS exposure on the outer membrane leaflet of HL60 cells was not
blocked by zVAD-fmk during radiation-induced apoptosis. As demonstrated in Figure 4(b),
PS externalization downstream A, transition is almost completely inhibited (from 47% to
10%, control is 5%) by zZVAD-fmk in case of heat-induced but not for radiation-induced
apoptosis.

The light-microscopic images made 48h after heat-treatment or irradiation of HL60
cells in the presence or absence of zVAD-fmk are shown in Figure 6. The absence
of apoptotic bodies after heat-induced apoptosis in the presence of caspase inhibitor is
in agreement with the inhibition of PS exposure seen in Figure 4(b). In the case of
exposing HIL60 cells to y-radiation in the presence of zZVAD-fmk there is no prevention of
cellular disintegration.

Discussion

This study shows that moderate hyperthermia (43°C during 1h) of HLL60 cells induces
apoptosis by disruption of the mitochondrial function, resulting in an increased permeability
of the outer mitochondrial membrane. Cellular changes, starting with A, disruption,
occur as soon as 8h after treatment of HL.60 cells with heat. It has been documented that
many different cell types die by apoptosis in response to mild hyperthermia. However, the
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Figure 6. Effects of heat-treatment (HT; 43°C during 1h) and y-radiation (RT; 8 Gy) on the
morphology of HL60 cells in the presence or absence of 20 uM zVAD-fmk. The cells were fixed with
methanol, stained with May-Grunwald-Giemsa and examined at 100 x magnification after 48 h. The
images were taken with a light microscope (magnification x 100) and are representative of three
independent experiments. Arrows indicate apoptotic cells and apoptotic bodies.

rate and susceptibility for heat varies significantly with cell type [21]. Comparing these data
with similar studies using different cell types is therefore problematic. For y-radiation-
induced apoptosis the lag period before the onset of apoptosis is longer compared to heat-
induced apoptosis. This finding is in agreement with the data obtained by determining the
apoptotic turnover in time using FLLICA, where the faster onset of heat-induced cell death
based on the late apoptotic fraction was also visible. The increase of the late apoptotic
fraction (AVT/PI") seen in Figures 3(a) and (b), indicating permeabilization of the outer
membrane, was unexpected in the presence of the caspase inhibitor FLICA. A possible
explanation might be that, although the process of apoptosis was halted at the stage of
caspase activation, caspase mediated events might occur, but at a much slower rate [22].

Anti-apoptotic Bcl-2 protein levels decrease and pro-apoptotic Bax protein levels increase
directly (compared to untreated HL.60 cells) after induction of both heat- and radiation-
induced apoptosis, suggesting the involvement of Bcl-2 family members in the
mitochondrial membrane permeabilization.

Examination of events downstream of mitochondrial changes indicates that hyperthermia
induces features of apoptosis associated with caspase activation such as PS exposure and the
formation of apoptotic bodies. After the mitochondrial membrane permeabilization various
soluble inter-membrane proteins, including cytochrome c, are released in the cytosol where
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they activate pro-caspases through the binding to Apaf-1 [10]. The occurrence of the various
apoptotic phases in time, presented in this study, is in agreement with the general conception
involving the intra-cellular apoptotic pathway.

In both heat- and radiation-induced apoptosis, blockage of activated caspases by the
pan-caspase inhibitor zZVAD-fmk did not affect the decrease in mitochondrial membrane
potential in HLL60 cells. However, it has been shown that not all caspases show the same
sensitivity to the pan-caspase inhibition [23]. Not unexpectedly, it has been suggested
recently that caspase-2 activation is an early initiating step in cell death induced by
heat-treatment [24, 25]. Therefore, the effect of specific caspase-2 inhibitor zZVDVAD-fmk
was studied on the heat-induced changes in MMP and clearly it was showed that caspase-2
plays a key-role in the heat-induced apoptosis.

Since activated caspases were detected using FLICA and PS exposure was almost
completely inhibited by a pan-caspase inhibitor, it can be concluded that the execution phase
of heat-induced apoptosis in HLL60 cells is mainly but not exclusively caspase-dependent.
In contrast, the blockage of activated caspases during radiation-induced apoptosis did not
result in a decrease of PS exposure on the cell membrane. This suggests that, in HL.60 cells,
radiation simultaneously activates two parallel pathways; one caspase-dependent, the other
caspase-independent, that can lead to cell death. Other studies also indicated a role
of caspase-independent pathways in radiation-induced apoptosis [26, 27]. This indicates
that caspases act solely as executioners to facilitate heat- or radiation-induced apoptosis.
The commitment of both heat- and radiation-induced apoptosis is caused by mitochondrial
changes.

Conclusion

Hyperthermia mediates apoptosis of HLL60 cells through mitochondrial signalling involving
pro-apoptotic and anti-apoptotic Bcl-2 family members. Caspase-2 plays an important role
in the breakdown of the mitochondrial membrane potential induced by heat-treatment.
Downstream mitochondria caspases are activated and blockage of these caspases results
in inhibition of PS exposure on the outer membrane and prevents cells from disintegration.
Therefore, the execution phase of cell death during heat-induced apoptosis is mainly
caspase-dependent. This insight might be useful for innovative strategies to increase heat-
induced apoptosis by means of interfering with molecular processes, either stimulating
pro-apoptotic pathways or inhibiting anti-apoptotic processes.
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