
Abstract. Background: The apoptotic signalling pathways
involved in the delayed type of apoptosis occurring in HeLa
Hep2 cells following radiation were investigated. Materials
and Methods: HeLa Hep2 cells were exposed to 5 Gy of
cobalt-60 radiation. The activation of caspase-2, caspase-8,
caspase-9 and effector caspase-3 was investigated by caspase
assay plates and Western blots. Cleavage of poly (ADP-
ribose) polymerase (PARP) was analysed on Western blots.
HeLa Hep2 cells were irradiated with or without
preincubation with inhibitors of protein synthesis
(cycloheximide, CHX) and caspases, followed by TUNEL
staining and caspase assay plate evaluation. Results: Initiator
caspases-2, -8, -9, and effector caspase-3, were found to be
activated and PARP cleaved following irradiation. CHX
completely inhibited the caspase activation and the
associated apoptosis. Pretreatment with caspase-2 inhibitor
indicated that caspase-2 was involved in the execution of the
apoptosis. Conclusion: Activation of the apoptotic signalling
pathways following irradiation of HeLa Hep2 cells includes
components from the intrinsic as well as the extrinsic
pathways and seems to require de novo protein synthesis.

Extensive efforts have been made to elucidate the complex
molecular mechanisms of apoptotic signalling including its
initiation, excecution and regulation. The apoptotic
programme is turned on by initiator caspase-8 following
activation of death receptors such as the Fas receptor
(extrinsic pathway) (1-3), or initiator caspase-9 following
loss of mitochondrial membrane potential and cytochrome-c
release (intrinsic pathway) (1, 2, 4). This primary activation
of caspases is further amplified by effector caspases, such as
caspase-3, which subsequently cleave various cellular death

substrates involved in the regulation and excecution of
apoptosis (5). One caspase-3 cellular death substrate is
poly(ADP-ribose) polymerase (PARP), a protein known to
convert DNA breaks generated by various genotoxic agents
into intracellular signals, which activate DNA repair
programs (5). 

Previously, we presented evidence indicating that the
pronounced growth inhibition that can be obtained in
experimental tumour models with delivered radiation doses
up to 10 Gy may be exerted partly by the induction of a
delayed type of apoptosis (6-10). In vitro, cells exposed to
dose rates and doses comparable to radioimmunotherapy
displayed significant delayed apoptosis (6, 9, 10). Typically,
it takes days or even up to one week before these growth-
retarding properties are fully exerted.

The purpose of this study was to elucidate the apoptotic
signalling pathways involved in the delayed type of
apoptosis occurring in HeLa Hep2 cells following ionizing
radiation. 

Materials and Methods

Cell lines. HeLa Hep2 cells that originate from a human cervical
adenocarcinoma (ATCC no. CCL-23; Manassas, VA, USA) were
kept in culture at 37˚C in a humidified atmosphere of 5% CO2.
The cells were grown in DMEM supplemented with 1% (v/v)
penicillin, streptomycin, 1% (v/v) L-glutamine and 5% (v/v) fetal
calf serum (FCS).

Irradiation. Cells were irradiated using a cobalt-60 treatment unit
(Alcyon II) and given 5 Gy of radiation, a dose earlier established to
be optimal for the induction of apoptosis in HeLa Hep2 cells (9,
10). The tumour cells maintained in tissue culture flasks were
positioned on a 15 cm-thick solid block of a water equivalent
material. The field size was constant during treatment. The dose rate
was, in the middle of the treatment period, 0.45 Gy/min. Cells were
then cultured for specified time interval before analysis. 

Catalytic caspase profiling. BD ApoAlert caspase assay plates (BD
Biosciences, Palo Alto, CA, USA) were used according to the
protocol provided by the company to screen the caspases activated
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in the HeLa Hep2 cells following irradiation. Briefly, freshly
trypsinised cells (2×105 cells per well) were lysed for 10 min on ice
in cell lysis buffer. The caspase profiling plate was then
preincubated with 2× reaction buffer/DTT mix at 37˚C for 5 min
before the cell lysates were added to the wells and incubated at
37˚C for 2 hours. The plate was then analysed in a fluorescence
plate reader (excitation: 380 nm; emission: 460 nm)

Western blot analysis. Total cell extracts were prepared using a
sodium dodecyl sulfate (SDS) lysis buffer (100 mM Tris, pH 6.8,
2% SDS) containing protease inhibitors (Complete; Roche
Diagnostics GmbH, Mannheim, Germany). The protein
concentrations were determined by a BCA (bicinchoninic acid)
protein assay kit (Pierce, Rockford, IL, USA). Samples (50 μg)
were separated by SDS-polyacrylamide gel, electrotransferred onto
a polyvinylidene fluoride (PVDF) membrane (cat. no. IPVH00010;
Millipore, Solna, Sweden) and incubated with the following primary
antibodies to caspase-8 (cat. no. 9746), caspase-9 (cat. no. 9502)
and PARP (cat. n. 9541; all Cell Signeling, Danvers, MA, USA).
Secondary horseradish peroxidase-conjugated goat anti-rabbit (cat.
no. 31463) or goat anti-mouse (cat. no. 31437) polyclonal antibodies
(Pierce) were used for the detection of bound primary antibody and
bands were visualised by enhanced chemiluminiscence (cat. no.
34077; Pierce).

Fluorescence microscopy. TUNEL staining was used to visualise
apoptotic cell death. An in situ cell death detection kit, TMR red
(Roche Diagnostics GmbH) was used according to the instructions
from the company. Cells (2×106) were transferred into 96-well
microplates, incubated in paraformaldehyde (4% in PBS, pH 7.4),
permeabilised (0.1% triton X-100 in 0.1% sodium citrate) and then
resuspended in the TUNEL reaction mixture. The cells were finally
counterstained with DAPI and analysed by fluorescence microscopy.

Apoptosis inhibition by caspase inhibitors. In the inhibition
experiments, the HeLa Hep2 cells were pretreated with cell
permeable irreversible caspase-2 inhibitor (Z-VDVAD-FMK),
caspase-8 inhibitor (Z-IETD-FMK), or caspase-9 inhibitor (Z-

LEHD-FMK) (all from Calbiochem, San Diego, CA, USA) one h
prior to irradiation and left in the cultures during the time of the
experiments. After the 5 day incubation period the cells were
assayed for cell viability using a colorimetric MTT kit that
quantifies cell proliferation and viability (Roche Diagnostic GmbH).
Briefly, MTT labelling reagent was added to the cells followed by
an incubation for 4 h at 37˚C in a humidified atmosphere of 5%
CO2. A solubilization solution was then added to the cells followed
by incubation overnight at 37˚C in a humidified atmosphere of 5%
CO2. The absorbance of the samples was then measured in an
ELISA plate reader using a wavelength of 570 nm and a reference
wavelength of 690 nm. 

Cell lysates were also taken from the different treatment groups,
prepared and analysed as above on BD ApoAlert caspase assay
plates to evaluate if the caspase activation was inhibited.

Apoptosis inhibition by cycloheximide (CHX). In the inhibition
experiments, HeLa Hep2 cells were pretreated with CHX (Sigma,
St. Louis, Mo, USA) at 0.5 μg/ml. CHX is an inhibitor of protein
synthesis and was used to study if de novo synthesis was a
requirement for apoptosis to be induced following irradiation. CHX
was administered one hour prior to irradiation and was left in the
culture during the time of the experiments. Cell lysates were
prepared 5 days following radiation and were analysed as above on
BD ApoAlert caspase assay plates, using TUNEL staining, and/or
evaluation on Western blots. 

Results
Kinetics of caspase activation and PARP cleavage following
irradiation. As shown in Figure 1a, caspase-2, caspase-9 and
caspase-8 all demonstrated increased activity after cell
irradiation, with the most pronounced effect seen for
caspase-2. The kinetics of the induction indicated increased
activities after 1 day, which peaked 4 days post-irradiation.
Similar but less pronounced induction patterns were also
seen for caspase-8 and -9.
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Figure 1. Initiator caspases-2 (�), -8 (�) and -9 (�) (1a), and effector caspase-3 (�) (1b) activity following 5 Gy irradiation of HeLa Hep2 cells
as assayed by caspase assay plates.



The activation of effector caspase-3 is presented in Figure
1b. A steady and clear increase in activity was seen from day
1 up to day 5 following irradiation.

In order to confirm the increased catalytical activities of
caspase-8 and caspase-9, Western blots were performed to
further establish their involvement in this delayed type of
apoptosis. In Figure 2a, procaspase-8 (m.w. 57/55 kDa) is
demonstrated to be cleaved into its active form (m.w. 43/
41 kDa) and similar results can be seen in Figure 2b for
procaspase-9 (m.w. 47 kDa), cleaved into its active form
(m.w, 37/35 kDa). These blots also indicated an increased
activation of both caspase-8 and caspase-9, starting 24 to 
48 h post-irradiation and the activation is clearly seen at 132-
168 h post-irradiation, supporting the results from the
caspase assay plates. This indicated a comparatively slow
activation of the apoptotic signalling cascade. 

In Figure 2c, an increase in cleaved PARP (m.w. 89 kDa)
can be seen, in agreement with the activation pattern of the
initiator caspases. 

Apoptosis inhibition by caspase inhibitors. In order to
confirm the significance of caspase-2 activation for apoptosis
activation, HeLa Hep2 cells were exposed to a caspase-2
specific inhibitor prior to radiation. A dose-response curve
can be seen in Figure 3a in which HeLa Hep2 cells were
preincubated with different doses of the caspase-2 inhibitor
prior to 5 Gy of radiation. Increased absorbance, indicating
increased survival, was obtained when caspase-2 inhibitor

was added to the cells prior to irradiation. The optimal
concentration for maximal cell survival was obtained when
5-10 μM of the inhibitor was added to the cells and higher
concentrations instead reduced the survival. 

When 12.5 μM of the inhibitor for caspase-2 was used it
partly inhibited the caspase-2 activation and also reduced
caspase-3 activation following irradiation (Figures 3b and
3c). When the same concentration was used for the other
caspase inhibitors, no such reduction was obtained.

Effect of CHX on radiation induced apoptosis. In Figure 4 it
can be seen that the increased caspase-2 activity detected
following irradiation was abolished by the addition of CHX.
Furthermore, the caspase-3 activity was inhibited in cells
pretreated with CHX prior to irradiation (Figure 4b). The
addition of CHX considerably reduced the fraction of
TUNEL positively stained cells following irradiation (Figure
4c). Finally, radiation-induced caspase-9 activation and
PARP cleavage were found to be abolished or considerably
delayed by the addition of CHX as analysed by Western
blots (data not shown).

Discussion

In the present study, both the classical initiator caspases
(caspase-8 and caspase-9) from the extrinsic and intrinsic
pathways, respectively and effector caspase-3 participated in
the delayed apoptotic process following radiation. Increased
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Figure 2. Western blots of caspase-8 (a), caspase-9 (b)and PARP (c) from HeLa hep2 cells exposed to 5 Gy irradiation. Three non-irradiated controls
are shown to the right, 12, 132 and 168 h after the cultivation started.



caspase-2 activation was also detected. Caspase-2 is unique
among the caspases as it has been described to be both an
initiator caspase and an effector caspase (11). Caspase-2 has
recently gained increased interest as an initiator caspase
following DNA damage (12, 13). Castedo et al. furthermore
demonstrated that caspase-2 is important for apoptosis-related
cell death, which follows mitotic catastrophe (14). This is
interesting as we recently have been able to demonstrate that
an increased number of anaphase bridges, lagging
chromosomal material and multipolar mitotic spindles, as
well as a hyperamplification of centrosome numbers are
acquired by HeLa Hep2 cells following irradiation and that
these mitotic aberrations will force the cells into mitotic
catastrophe displaying apoptotic features (6, 8).

Increased proteolytic cleavage of the caspase-3 cell death
substrate PARP and apoptosis related DNA fragmentation as
visualised by TUNEL stainings were also detected. From
examination of the irradiated HeLa Hep2 cells in which the
total DNA had been visualised by DAPI and fragmented
DNA visualised by TUNEL staining, it could be concluded
that radiation-induced cell death is complex, including the
occurrence of several types of cell death in cooperation.
Nonetheless, the apoptotic signaling pathways are activated
in a fraction of the cells exposed to radiation. Activation of
all these apoptotic signalling components correlated well
with earlier observations in time, i.e. delayed apoptosis was
most pronounced 3-7 days following irradiation (9).

The caspase-2 inhibitor, Z-VDVAD-FMK, increased the
survival in HeLa Hep2 cells following irradiation and partly
inhibited the radiation-induced caspase activation. The
failure to completely eliminate the caspase activation might
be due to the long cultivation time, which potentially might
reduce the inhibitor’s functional activity. 

CHX, an inhibitor of protein synthesis, reduced the
radiation-induced apoptosis and abolished the radiation-
induced activity of caspases and PARP. CHX reduced the
caspase-2 and caspase-3 activity following radiation down to
control levels, supporting the results obtained with the caspase-
2 inhibitor indicating that caspase-2 is involved in the
execution of this delayed apoptosis. The inhibition of apoptosis
by CHX observed in this study was earlier shown to be due to
interference with apoptotic signaling pathways requiring de
novo protein synthesis. An explanation for this inhibition could
be that CHX is able to inhibit important components of the
apoptotic signaling pathways. Preliminary data from bead chip
arrays demonstrated that the alteration in gene expression
profile in HeLa Hep2 cells during radiation induced mitotic
catastrophe and death by delayed apoptosis involves increased
expression of multiple genes including several death-associated
genes (our unpublished data). Among these were genes known
to be important for the execution of both the extrinsic as well
as the intrinsic apoptotic pathways, including TNF-related
apoptosis-inducing ligand (TRAIL) and apoptotic peptidase-
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Figure 3. Effect of caspase inhibitors on HeLa Hep2 cells treated with
5 Gy of irradiation. Viability was assessed by MTT test. Absorbance was
measured at 570 nm with a reference wavelength of 690 nm days after
treatment start. Dose-response curve of 5 Gy of irradiation and
caspase-2 inhibitor (3a). Inhibition of caspase-2 (3b) and caspase-3
(3c) activity by 12.5 μM caspase-2, -8, and -9 inhibitors. 



activating factor 1 (APAF1). It was recently reported that
delayed apoptosis occurring following radiation exposure can
be triggered by sequential overexpression of death receptors
and death receptor ligands, including TRAIL and is associated
with characteristics of caspase-dependent apoptosis (15). This
may be one of the mechanisms by which the extrinsic death
receptor-associated apoptotic pathway is activated in HeLa
Hep2 cells following irradiation. Increased expression of
APAF1 has been reported to lower the threshold of intrinsic

apoptosis and increase radiosensitivity (16). A recent report
also demonstrated a functional link between death receptors
and caspase-2 activation in response to DNA damage (17).

The present paper presents evidence for the involvement of
both the intrinsic and extrinsic activation pathways in radiation-
induced apoptosis. Better understanding of the execution of the
apoptotic signaling cascade might be used to increase the
therapeutic efficacy of radiotherapy and radioimmunotherapy
and to reduce side-effects during treatment. 
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Figure 4. Inhibition of caspase-2 (a) and caspase-3 (b) activity by cycloheximide (CHX) as detected by caspase assay plates. DAPI and TUNEL
stained HeLa Hep2 cells, with or without pretreatment with CHX (c). Arrows indicate apoptotic cells.
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