
Abstract. The type of cell death occurring in the same cell
line (MG-63 human osteosarcoma cells) grown in monolayer
or as three-dimensional spheroids after exposure to 5 Gy of
ionizing radiation was determined. Morphological analyses
using the chromatin dye Hoechst 33258 demonstrated that
spheroids showed the typical characteristics of apoptosis, while
monolayer cells revealed those typical of mitotic catastrophe.
In order to better characterize these two types of cell death,
the role of caspases was examined in irradiated monolayer
cells and spheroids using the broad spectrum caspase inhibitor
zVAD-fmk. Death in monolayer cells was caspase-indepen-
dent, whereas spheroid death was characterized by caspase
dependence. Members of the Bcl-2 family of proteins and
survivin involved in cell death processes were also studied by
Western blot analysis. The pro-apoptotic protein Bax increased
in spheroids, whereas this protein remained unchanged in
monolayer cells after the same 5-Gy irradiation. The anti-
apoptotic protein Bcl-2, on the other hand, remained unchanged
in both monolayer cells and spheroids. Finally, survivin
increased significantly after irradiation in both cells in mono-
layer and spheroids. The results presented suggest that three-
dimensional cell organization leads to a different type of cell
death after exposure to ionizing radiation. Thus, the use of
spheroids, a cell model which mimics in vivo solid tumors more
closely than cells grown in monolayer, is more appropriate
when investigating the effects of antineoplastic treatments
such as ionizing radiation.

Introduction

Stabilized tumor cell lines grown in monolayer have been
widely used to investigate cancer. Although this in vitro cell

model has yielded valuable information regarding the
mechanisms at the basis of tumor insurgence and growth, it
is, nonetheless, unsuitable in representing completely in vivo
tumors. In fact, solid tumors grow in a three-dimensional
spatial array and cells in these tumors are exposed to non-
uniform distributions of oxygen and nutrients as well as to
other physical and chemical stresses. Therefore, it is obvious
that cells grown in monolayer, which are exposed to the same
oxygen and nutrient concentrations and also have less complex
cell-cell and cell-matrix interactions, cannot be utilized to
study all aspects of tumor biology. Thus, in order to design
more suitable in vitro systems that take into consideration the
three-dimensional arrangement of solid tumors, multicellular
tumor spheroids were developed (1,2). Indeed, tumor spheroids
represent quite realistically the three-dimensional growth and
organization of solid tumors and, consequently, simulate
much more precisely diverse cell processes including cell
death.

It has been demonstrated that ionizing radiation can induce
numerous effects in cells including changes in metabolism
(3), cell cycle delay (4), damage to DNA (5) and the cell
membrane (6), and, ultimately, cell death (7). We have recently
demonstrated using 1H-NMR spectroscopy that MG-63 cells
grown in monolayer and as three-dimensional spheroids have
a different cell death response to 2 Gy of ionizing radiation
(8). The spectra of spheroids showed metabolic variations
indicative of apoptosis while those of monolayer cells did
not show such changes. In addition, analyses utilizing the
chromatin dye Hoechst 33258 of monolayer cells showed the
morphological signs of a type of cell death known as mitotic
catastrophe.

In recent years, the term ‘mitotic catastrophe’ has been
widely used to define a type of programmed cell death that
occurs during mitosis. Although there is no generally accepted
definition to describe this form of cell death, numerous attempts
have nonetheless been made to characterize it. For instance,
from a morphological standpoint, cells undergoing mitotic
catastrophe are described as cells with multiple, multilobed
or abnormally large nuclei or cells with micronuclei (9,10).
These characteristics are quite diverse from those noted
during apoptosis. In fact, apoptotic cells have clumped or
condensed nuclear chromatin and/or chromatin marginalized
against the nuclear membrane (11-13). Caspase-dependence
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or independence examined with caspase inhibitors such as
zVAD-fmk (z-Val-Ala-Asp-fluoromethylketone) is another
criterion which was used to distinguish mitotic catastrophe
from apoptosis. It was believed that mitotic catastrophe was
caspase-independent while apoptosis was caspase-dependent
(14). However, since it is now accepted that both mitotic
catastrophe and apoptosis can be either caspase-dependent
or independent, this criterion cannot be used to distinguish
the two types of cell death. Another possible mode of
distinguishing mitotic catastrophe from apoptosis is through
analysis of cell-cycle checkpoint dysregulation (15). In fact,
mitotic catastrophe results from a combination of deficient
cell-cycle checkpoints (i.e., the G2/M checkpoint and the
spindle assembly checkpoint) and cellular damage. Failure to
arrest the cell cycle after damage to the structure of DNA and
the mitotic spindle before mitosis triggers aberrant chromosome
segregation and mitotic catastrophe.

Cell cycle checkpoint regulation also involves survivin.
In particular, survivin is a substrate for Cdk1 during the G2/M
phase of the cell cycle and contributes to spindle checkpoint
regulation by binding to tubulin on the mitotic spindle (16-18).
In addition, survivin is also a member of the inhibitor of
apoptosis protein (IAP) gene family and suppresses caspase
activation possibly by binding to the caspase activator
Smac/DIABLO (19). It has been shown that an antisense
oligonucleotide directed against survivin induced caspase-
independent mitotic catastrophe in a neuroblastoma cell line,
while the same oligonucleotide caused caspase-dependent
apoptosis in an oligodendroglioma cell line (20). Thus,
survivin can be involved in both caspase-dependent and
independent cell death processes.

Understanding the possible role of the Bcl-2 family of
apoptotic proteins such as Bax, Bcl-2 and Bcl-XL in relation
to mitotic catastrophe is also of extreme importance although
many studies have yielded conflicting results. In particular, it
has been demonstrated that overexpression of the anti-apoptotic
Bcl-2 protein in etoposide-treated HeLa cells increases the
insurgence of mitotic catastrophe (21). These results seem to
suggest that the role of the Bcl-2 family of proteins is quite
different in mitotic catastrophe and apoptosis since an anti-
apoptotic protein actually increases cell death through mitotic
catastrophe. In addition, no changes in Bax and Bcl-2 were
observed in combretastin-A4 prodrug-induced mitotic
catastrophe in the CLL cell line (14), indicating that the Bcl-2
family of proteins again behaves differently in the two types
of cell death. Conversely, other investigators have shown
that the Bcl-2 family of proteins carry out a similar role in
apoptosis and mitotic catastrophe. For instance, transfection
with the anti-apoptotic Bcl-2 and Bcl-XL proteins or knock out
of the pro-apoptotic Bax protein can prevent mitotic catastrophe
(15). Also, it has been demonstrated that inhibition of Bcl-2
expression by antisense oligonucleotides can amplify mitotic
catastrophe (22).

It was the purpose of the present study to determine if
MG-63 cells grown in monolayer or as three-dimensional
spheroids undergo a different type of cell death after
exposure to 5 Gy of ionizing radiation, as was suggested in
our previous 1H-NMR study (8). Morphological analyses
using the chromatin dye Hoechst 33258 demonstrated that
spheroids show the typical characteristics of apoptosis, while

monolayer cells reveal those typical of mitotic catastrophe. In
order to better characterize these two types of cell death, the
role of caspases was examined in irradiated monolayer cells
and spheroids using the broad spectrum caspase inhibitor
zVAD-fmk. Death in monolayer cells was caspase-independent,
whereas spheroid death was characterized by caspase
dependence. Members of the Bcl-2 family of proteins and
survivin involved in cell death processes were also studied by
Western blot analysis. The pro-apoptotic protein Bax increased
in spheroids, whereas this protein remained unchanged in
monolayer cells after the same 5-Gy irradiation. The anti-
apoptotic protein Bcl-2, on the other hand, remained unchanged
in both monolayer cells and spheroids. Finally, survivin
increased significantly after irradiation in both monolayers
and spheroids. The results presented suggest that three-
dimensional cell organization leads to a different type of cell
death after exposure to ionizing radiation.

Materials and methods

Cell culture conditions. MG-63 cells (a human osteosarcoma
cell line) purchased from the Istituto Zooprofilattico
Sperimentale della Lombardia e dell'Emilia (Brescia, Italy)
were grown in monolayer in tissue culture flasks (Nunc A/S,
Roskilde, Denmark) containing RPMI-1640 (Gibco BRL,
Burlington, Canada) supplemented with 10% heat-inactivated
fetal bovine serum (FBS Characterized; Hyclone, USA), non-
essential amino acids, penicillin and streptomycin and
incubated at 37˚C in a 5% CO2 atmosphere. Aliquots of the
same batch of frozen cells were thawed and used for all
experiments at about the same number of passages (between
10 and 15 passages).

Spheroids. In order to form spheroids by using the liquid-
overlay technique, MG-63 cells grown in monolayer were
detached from the substratum by using 10 mM EDTA and
0.25% trypsin solutions. The cells were then seeded in 6-well
tissue culture plates (Nunc) to which 3% agar dissolved in
complete medium (RPMI plus 10% FBS) had previously
been added to the bottom of the wells and had solidified. To
each well 1.25x105 cells/ml (5.0x105 cells/well) were added
and the plates were incubated in a Steri-Cult 200 incubator
(Forma Scientific, Milan, Italy) at 37˚C in a 5% CO2 atmo-
sphere. All products not specified were purchased from
Sigma Chemical Co. (St. Louis, MO, USA).

Irradiation protocol. Both MG-63 cells and spheroids were
irradiated after 24 h of growth with the doses specified
directly in the tissue culture plates at room temperature using
a Cobalt-60 irradiation unit (Gammacell 220, Atomic Energy
of Canada Ltd.) at a dose rate of ~1.9 Gy/min. Control cultures
were kept at room temperature under the same conditions
as experimental ones. Cells and spheroids were collected
immediately after irradiation and at 24, 48 and 72 h after
irradiation.

Growth curves. In order to determine monolayer and spheroid
cell proliferation, monolayer cells were seeded at 5.0x104 cells/
ml (total cell number was 5.0x105 in 10 ml) in 100-mm
diameter Petri dishes (Nunc) while spheroids were seeded
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as described above. After 24 h of growth, cells and spheroids
were irradiated with 5 Gy and collected at 24, 48 and 72 h
after irradiation. Spheroids were disaggregated and the number
of cells from these spheroids and from monolayers were
counted using a Neubauer chamber. The cells were also
checked for cell vitality by using the trypan blue exclusion
test. Non-irradiated monolayers and spheroids, collected
immediately before irradiation and at 24, 48 and 72 h after
irradiation, were considered as controls.

Analysis of cell death by the nuclear dye Hoechst 33258. At
24, 48 and 72 h after exposure to ionizing radiation, MG-63
monolayer cells were fixed with 3% paraformaldehyde in
PBS for 15 min, permeabilized with 0.5% Triton X-100 in
PBS for 5 min and incubated with 1 μg/ml Hoechst 33258
(Sigma) for 30 min at 37˚C. Irradiated spheroids were collected
at the same time-points and disaggregated with 10 mM
EDTA and 0.25% trypsin at 37˚C. The single cell suspensions
obtained were fixed with 3% paraformaldehyde in PBS for
15 min. The cell pellets were then placed on polylysine-
coated coverslips and allowed to adhere for 20 min, per-
meabilized with 0.5% Triton X-100 in PBS for 5 min and
incubated with 1 μg/ml Hoechst 33258 for 30 min at 37˚C.
All the samples were observed with a Zeiss Axiovert fluores-
cence microscope (Carl Zeiss, S.p.A., Milan, Italy). The
percentage of abnormal nuclei was determined by counting at
high magnification (x320) at least 1000 cells of each sample
in randomly selected areas. In order to distinguish apoptotic
and necrotic cells, the nuclear morphological and ultrastructural
parameters typical of these two kinds of cell death were taken
into account (11-13). In particular, cells were considered
apoptotic if their nuclei had clumped or condensed nuclear
chromatin, whereas they were counted as necrotic if they
had shrunken and/or disintegrated chromatin. In addition,
abnormal nuclei presenting the typical morphology of mitotic
catastrophe (multiple, multilobed or abnormally large nuclei
or micronuclei) (9,10) were also counted.

Cell survival analyses by cellular clonogenicity experiments.
Both monolayer cells and spheroids were irradiated with
either 1, 2, 3, 4, 5, 6 or 8 Gy. Immediately after irradiation,
MG-63 monolayer cells were detached from the tissue culture
plates and spheroids were disaggregated by adding 10 mM
EDTA and 0.25% trypsin at 37˚C and by pipetting. Complete
medium was added and the single cell suspensions obtained
were counted. Aliquots of various dilutions of cells were
transferred in triplicate into 60-mm Petri dishes (Nunc). Cells
were incubated at 37˚C for 15 days. After incubation, fixed
colonies were stained with Giemsa and those consisting of
more than 50 cells were counted. Experiments were repeated
three times.

Caspase-3 enzymatic activity. MG-63 monolayer cells and
spheroids irradiated with 5 Gy were collected after 24, 48
and 72 h from irradiation. Untreated controls were collected
at the same time-points. Caspase-3 enzymatic activity was
determined in cellular lysate (100 μg of protein per sample)
using the Colorimetric Caspase-3 Assay Kit (Sigma, Product
Code CASP-3-C) following the manufacturer's instructions.
This assay is based on the hydrolysis of the peptide substrate

acetyl-Asp-Glu-Val-Asp p-nitroanilide (Ac-DEVD-p-NA) by
caspase-3, resulting in the release of the p-nitroaniline (pNA)
moiety. The absorbance of pNA was measured spectro-
photometrically at 405 nm by using a microplate reader.

Treatment with the caspase inhibitor zVAD-fmk. In order to
examine if irradiation-induced cell death could be blocked by
the inhibition of caspase activity, both MG-63 monolayer
cells and spheroids were cultured in medium containing the
broad-spectrum caspase inhibitor zVAD-fmk at the concen-
tration of 40 μM. At 72 h after irradiation with 5 Gy, monolayer
cells and the cells from disaggregated spheroids were counted,
checked for cell vitality by using the trypan-blue exclusion
test and stained with Hoechst 33258 as described above.

Western blotting. In order to determine the total Bax, Bcl-2
and survivin content in both MG-63 monolayer cells and
spheroids in control conditions and after 24, 48 and 72 h
from irradiation with a dose of 5 Gy, Western blot analysis
was conducted. MG-63 cells and spheroids were washed
twice in PBS and lysed in RIPA buffer (PBS containing
1% Igepal CA-630, 0.5% sodium deoxycholate, 0.1% SDS,
0.1 mg/ml PMSF and protease inhibitor cocktail) for 30 min
on ice. The lysates were centrifuged at 10,000 g for 10 min at
4˚C and the pellets were discarded. Protein analysis was
conducted by the DC protein assay kit (Bio-Rad Laboratories,
Milan, Italy) using BSA as standard. Equal amounts of protein
(40 μg) per sample were separated onto a 15% acrylamide
gel and electroblotted onto PVDF membranes (Bio-Rad).
After electroblotting the membranes were blocked with 5%
non-fat dry milk (Bio-Rad) in TBST (0.1 M Tris base, 0.15 M
NaCl, 0.05% Tween-20, pH 7.4) and then incubated with the
primary mouse monoclonal antibodies against Bax, Bcl-2
and the primary rabbit polyclonal antibody against survivin
(Santa Cruz Biotechnology, Milan, Italy) for 2 h at room
temperature. Following incubation with an HRP-linked
whole anti-mouse or anti-rabbit antibody (Amersham Bio-
sciences, Milan, Italy), visualization of the bound antibody
was performed with the Supersignal West Pico Chemilu-
minescent Substrate (Pierce, Rockford, IL, USA). The blots
were exposed to X-ray film (Amersham) and then scanned
using an Epson scanner. Experiments were repeated three times.
An equal loading of proteins was confirmed by utilizing the
primary mouse antibody against ß-actin as control (Chemicon,
Milan, Italy).

Statistical analyses. All statistical analyses were carried out
using the paired Student's t-test.

Results

Growth curves. Cell proliferation in monolayer cells and
spheroids was determined by growth curves as described in
Materials and methods. The cell numbers represent the means
and standard deviations of at least 3 separate experiments
(Fig. 1). As can be seen, control monolayer cells grow much
more rapidly than control spheroids. In addition, it is also
evident that a 5-Gy irradiation is much more efficacious in
slowing down growth in monolayer cells than in spheroids,
especially at 72 h.
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Analysis of cell death by the nuclear dye Hoechst 33258. In
order to analyze the nuclear morphological characteristics of
MG-63 cells and spheroids at 24, 48 and 72 h after exposure
to 5 Gy of ionizing radiation, the nuclear chromatin dye
Hoechst 33258 was used. In Fig. 2 are shown representative
fluorescence micrographs of (a) control and (b) irradiated
MG-63 monolayer cells at 72 h after irradiation, and (c)
control and (d) irradiated MG-63 spheroids collected and
disaggregated at this same time-point. As can be seen in
Fig. 2a and c, the nuclei have uncondensed and uniformly
and homogeneously distributed chromatin, characteristics
typical of control cells. On the other hand, the irradiated
monolayer cells shown in Fig. 2b reveal the typical morphology
of mitotic catastrophe (i.e., multiple, multilobed or abnormally
large nuclei or micronuclei) (9,10). In the disaggregated
spheroid cells shown in Fig. 2d, the nuclear morphological
and ultrastructural parameters typical of apoptosis were
observed (11-13). In particular, cells were considered apoptotic
if their nuclei had clumped or condensed nuclear chromatin.
The percentage of monolayer cells undergoing mitotic
catastrophe as well as apoptotic spheroid cells are shown in
the table at the top of Fig. 2. As shown, the percentage of
nuclei in monolayer cells exhibiting the characteristics of
mitotic catastrophe increases with time after irradiation
reaching a maximum of about 64% at 72 h. In addition, the

percentage of apoptotic nuclei in spheroid cells also increases
with time after irradiation reaching a maximum of about
29% at 72 h. It should also be pointed out that the percentage
of apoptotic nuclei in monolayer cells undergoing mitotic
catastrophe was found to be <1% at all times tested and that
the percentage of nuclei with characteristics of mitotic
catastrophe reached a maximum of 4% at 72 h in spheroids
undergoing apoptosis. Cells with shrunken and/or disintegrated
chromatin typical of necrosis were <1% in all samples at all
times tested.

Cell survival analyses. In order to compare the long-term
radiosensitivity of MG-63 monolayer cells and spheroids,
cellular clonogenicity experiments were conducted. The
plating efficiency (PE) for control MG-63 monolayers and
disaggregated spheroids was 35.5 and 32.0%, respectively.
These control PE's were always taken into account to
calculate cell survival. As can be seen in the cell survival
curves for monolayers and spheroids reported in Fig. 3, both
these cell models have very similar radiosensitivities. The
data reported in Fig. 3 are in sharp contrast to those shown
in Figs. 1 and 2 in which irradiation seems to damage
monolayer cells more than spheroids with respect to both
growth and nuclear morphology. In order to attempt to
comprehend the reasons for these discrepancies, spheroids
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Figure 1. Growth curves of control and 5-Gy-irradiated MG-63 monolayer cells and control and 5-Gy-irradiated spheroids of the same cell line. The difference
in cell proliferation is much more evident between control and irradiated monolayer cells than between control and irradiated spheroids at all times tested
(24, 48 and 72 h after irradiation). The values in the curves and in the table represent the means and standard deviations of three separate experiments.
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were disaggregated immediately after the 5-Gy irradiation in
the same manner as was conducted for the survival curve
experiments and seeded. As can be seen in Fig. 4, 72 h after

this seeding, Hoechst stained cells from spheroids have the
same morphological characteristics of mitotic catastrophe as
irradiated monolayer cells. Therefore, cells from spheroids
disaggregated immediately after irradiation do not maintain
the response to irradiation typical of spheroids, but resemble
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Figure 2. Analysis of cell death by Hoechst 33258 staining of MG-63 monolayer cells and spheroids at 24, 48 and 72 h after 5-Gy irradiation. The percentages
of cells undergoing mitotic catastrophe or apoptosis are shown in the table. The values reported represent the means and standard deviations of three separate
experiments. All differences between control and irradiated cells and spheroids are significant (p<0.05). Representative fluorescence micrographs of (a)
control and (b) irradiated MG-63 monolayer cells at 72 h after irradiation and (c) control and (d) irradiated MG-63 spheroids collected and disaggregated at
this same time point are shown. In (a) and (c), the nuclei have uncondensed and uniformly and homogeneously distributed chromatin, characteristics typical of
control cells. Irradiated monolayer cells (b) reveal the typical morphology of mitotic catastrophe (i.e., multiple, multilobed or abnormally large nuclei or
micronuclei, arrows), while in the disaggregated spheroid cells (d), the nuclear morphological and ultrastructural parameters typical of apoptosis (clumped or
condensed nuclear chromatin, arrows) were observed. Original magnification x1000.

Figure 3. Survival curve of MG-63 monolayer cells and spheroids after
radiation doses ranging from 1 to 8 Gy. Both cells and spheroids have very
similar survival characteristics and radiosensitivities.

Figure 4. Hoechst 33258 stained MG-63 spheroid cells observed at 72 h
after 5-Gy irradiation. Cells were disaggregated and seeded immediately
after irradiation. These spheroid cells reveal the typical morphology of
mitotic catastrophe as described above. Original magnification x1300.
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more closely the response of monolayer cells and die of
mitotic catastrophe rather than by apoptosis.

Caspase-3 enzymatic activity. In order to determine if caspase-3
has been activated after irradiation with 5 Gy in the two cell
models analyzed, the activity of this enzyme was determined.
In Fig. 5 the increases in enzymatic activities of caspase-3
(expressed in pNA absorbance) in MG-63 monolayer cells
and spheroids irradiated with 5 Gy collected at 24, 48 and 72 h
after irradiation with respect to untreated controls collected at
the same time-points are shown. There is no significant
increase in caspase-3 activity in monolayer cells at 24 and
48 h with respect to controls whereas there is a slight yet
significant increase in the enzymatic activity at 72 h (p<0.05).
In spheroids, on the other hand, there is a sharp increase in
caspase-3 activity at both 48 and 72 h (p<0.05).

Determination of the role of caspases in irradiation-induced
cell death using the inhibitor zVAD-fmk. In order to better
examine if the two types of cell death observed in MG-63
monolayer cells and spheroids are caspase-dependent, the
broad-spectrum caspase inhibitor zVAD-fmk was used. As
can be seen in Fig. 6, zVAD-fmk did not affect the number
of surviving monolayer cells 72 h after irradiation. The
percentage of surviving cells, with respect to controls, was
about 46% and 49%, respectively, in irradiated monolayer
cells and in irradiated cells also treated with zVAD-fmk.
Conversely, in spheroids, the percentage of surviving cells
increased from about 54% in those irradiated with 5 Gy to
about 79% in irradiated cells also treated with zVAD-fmk
(p<0.05). Therefore, it appears that zVAD-fmk can affect the
number of surviving cells in spheroids. In addition, Hoechst
staining was also used to verify the effects of zVAD-fmk in
irradiated monolayer cells and spheroids. In fact, the number
of cells undergoing mitotic catastrophe (Fig. 7) and apoptosis
(Fig. 8) was determined 72 h after irradiation alone and after
irradiation and zVAD-fmk treatment. Fig. 7 demonstrates that
the percentage of cells undergoing mitotic catastrophe in mono-
layers is nearly the same after irradiation alone and after
irradiation and zVAD-fmk treatment (both about 64%).
Again, zVAD-fmk does not appear to affect the percentage
of monolayer cells undergoing mitotic catastrophe. Fig. 8
shows the effects of zVAD-fmk on the number of spheroid
cells undergoing apoptosis. Treatment with zVAD-fmk
significantly decreases the percentage of irradiated spheroid
cells undergoing apoptosis (about 29% vs about 6%), to a
level approximating that of controls (about 3%). Thus, it
appears that the radiation-induced apoptosis examined in
MG-63 spheroids is caspase-dependent. It should be recalled
that the values for mitotic catastrophe in spheroids and of
apoptosis in monolayer cells are both very low (<1% and
≤4%, respectively) and therefore are not reported.

Determination of the expression of Bax, Bcl-2 and survivin
by Western blot analysis. In order to evaluate the possible
changes in the expression of proteins involved in cell death
in response to radiation exposure, Bax, Bcl-2 and survivin
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Figure 5. Caspase-3 activity (expressed in pNA absorbance at 405 nm) in control and irradiated MG-63 monolayer cells and in control and irradiated MG-63
spheroids at 24, 48 and 72 h after 5-Gy irradiation. There is no caspase-3 activation in irradiated monolayer cells at 24 and 48 h, whereas there is a very slight
yet significant activation of this enzyme at 72 h (p<0.05). Conversely, sharp significant increases in the activation of caspase-3 are seen in spheroids at both
48 and 72 h after 5-Gy irradiation (p<0.05). The absorbance values represent the means and standard deviations of three separate experiments.

Figure 6. Histogram reporting the percentage of surviving MG-63 monolayer
and spheroid cells 72 h after 5-Gy irradiation and/or after treatment with the
caspase inhibitor zVAD-fmk. These percentages were calculated with
respect to untreated controls. The values reported represent the means and
standard deviations of three separate experiments. The zVAD-fmk did not
affect the percentage of surviving monolayer cells after irradiation.
Conversely, the percentage of surviving cells increased significantly in
irradiated spheroids also treated with zVAD-fmk with respect to irradiated
spheroids alone (p<0.05).
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were analyzed by Western blotting. As can be seen in Fig. 9,
the pro-apoptotic protein Bax increases in spheroids at 24 h
after 5-Gy irradiation, whereas this protein remains unchanged

in monolayer cells after the same 5-Gy irradiation. The anti-
apoptotic protein Bcl-2, on the other hand, remains unchanged
in both monolayer cells and spheroids. Finally, survivin
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Figure 7. Analysis of the effects of zVAD-fmk in 5-Gy-irradiated monolayer cells by determination of the number of Hoechst 33258 stained cells undergoing
mitotic catastrophe after irradiation alone and after irradiation and zVAD-fmk treatment. As shown in the histogram, the percentage of cells undergoing mitotic
catastrophe is nearly the same after irradiation alone and after irradiation and zVAD-fmk treatment. The experiments were conducted at 72 h after irradiation and the
means and standard deviations of three separate experiments are reported. Representative micrographs of control MG-63 monolayer cells (a), and monolayer cells
treated with zVAD-fmk alone (b), irradiated with 5 Gy (c) and treated with zVAD-fmk and irradiated with 5 Gy (d) are shown. Original magnification x800.

Figure 8. Analysis of the effects of zVAD-fmk in 5-Gy-irradiated spheroids by determination of the number of disaggregated Hoechst 33258 stained spheroid
cells undergoing apoptosis after irradiation alone and after irradiation and zVAD-fmk treatment. As shown in the histogram, the percentage of irradiated
spheroid cells undergoing apoptosis decreases sharply (p<0.05), reaching a level approximating that of controls when irradiation is conducted together with
zVAD-fmk treatment. The experiments were conducted at 72 h after irradiation and the means and standard deviations of three separate experiments are
reported. Representative micrographs of control MG-63 spheroid cells (a), and spheroid cells treated with zVAD-fmk alone (b), irradiated with 5 Gy (c) and
treated with zVAD-fmk and irradiated with 5 Gy (d) are shown. Original magnification x800.
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(Fig. 10) increases significantly after irradiation in both
monolayers and spheroids at all the times tested.

In order to demonstrate that survivin plays a role in the
radioresistance of MG-63 cells, the amount of survivin was
determined using Western blot analysis in clones that had
survived a 5-Gy irradiation. As shown in two representative
clones in Fig. 11 (lanes 2 and 3), the amount of survivin
increased in these clones when compared to unexposed control
cells (lane 1).

Discussion

Three-dimensional tumor spheroids conserve many of the
characteristics of early, avascular solid tumors and thus

represent a useful in vitro model system to investigate many
aspects of tumor biology. Because of their specific cell-cell
and cell-matrix interactions, growth characteristics, nutrient and
oxygen diffusion dynamics and the existence of heterogeneous
microregions, these systems reproduce much more closely
in vivo solid tumors than cells in monolayer. In addition,
because of the strong differences from monolayer cultures, it
can also be hypothesized that spheroids die in a diverse manner
from these bidimensional cultures. The data reported in the
present report indicate that, MG-63 monolayer cells die of
mitotic catastrophe, while three-dimensional spheroids die of
apoptosis after 5 Gy of ionizing radiation. Ionizing radiation
is known to induce both cell death through apoptosis (7) as
well as through mitotic catastrophe in different cell types
(23,24).

The growth curves presented in this work provide the
first indications of possible differences in the response to
ionizing radiation of the two cell models examined. At all
times tested after irradiation, cell number was drastically
reduced in monolayers with respect to controls, whereas in
spheroids, although cell number also decreased with respect
to controls, this reduction was not as sharp. Differences in
the response of monolayer cells and spheroids to radiation
were also noted by morphological analyses of these two cell
models using the chromatin dye Hoechst 33258. Irradiated
monolayer cells reveal the typical morphology of mitotic
catastrophe (i.e., multiple, multilobed or abnormally large
nuclei or micronuclei) (9,10), while spheroids have the
nuclear morphological and ultrastructural parameters typical
of apoptosis (i.e., cells were considered apoptotic if their
nuclei had clumped or condensed nuclear chromatin (11-13).
These studies showed that not only did the two cell models
die by two different types of cell death, but that monolayer
cells were more damaged than spheroid cells since the
number of abnormal nuclei (i.e., both apoptotic and those
exhibiting the characteristics of mitotic catastrophe) were
much greater in monolayer cells at all times tested. Survival
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Figure 9. Western blot analysis of Bax and Bcl-2 protein expression in
monolayer MG-63 cells and spheroids at 24 h after 5-Gy irradiation. The pro-
apoptotic Bax protein increases in spheroids, whereas this protein remains
unchanged in monolayer cells after the same 5-Gy irradiation. The anti-
apoptotic protein Bcl-2, on the other hand, remains unchanged in both
monolayer cells and spheroids. Experiments were repeated three times. An
equal loading of proteins was confirmed by utilizing an antibody against
ß-actin as control.

Figure 10. Western blot analysis of survivin expression in monolayer MG-63
cells and spheroids at 24, 48 and 72 h after 5-Gy irradiation. Survivin
increases significantly after irradiation in both monolayers and spheroids at
all the times tested. Experiments were repeated three times. An equal
loading of proteins was confirmed by utilizing an antibody against ß-actin
as control.

Figure 11. Western blot analysis of survivin expression in MG-63 clones
that had survived 5-Gy irradiation. As shown in the two representative clones
(lanes 2 and 3), the amount of survivin increases in these clones when
compared to unexposed control cells (lane 1). Experiments were repeated three
times. An equal loading of proteins was confirmed by utilizing an antibody
against ß-actin as control.
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curves, on the other hand, indicated that clonogenic survival
was very similar in monolayer cells and spheroids, contradicting
the differences observed by growth curve determination and
morphological analyses. In order to explain these contradictory
results, it was hypothesized that perhaps clonogenic survival
curves may not be the best manner to represent long-term
survival in spheroids. It should be recalled that in order to
construct these curves, spheroids must be disaggregated
immediately after irradiation and seeded as a single-cell
suspension. It is apparent that the cell-cell interactions, that
may be responsible for the differences in cell death observed
by the other techniques which maintained these important
interactions, are no longer present. In order to validate this
possible explanation, MG-63 spheroids were disaggregated
and seeded immediately after 5-Gy irradiation and observed
after 72 h. As was described above, these spheroid cells
reveal the typical morphology of mitotic catastrophe and not
that of apoptosis as occurs in whole spheroids. Thus, it is
apparent that clonogenic survival curves cannot be used to
examine long-term survival in irradiated MG-63 spheroids.
Whether or not these curves are inadequate in comparing
radioresistance between monolayers and spheroids formed
from all cell lines needs further investigation. In this regard,
it should be pointed out that other investigators have also
conducted similar experiments in different cell lines (25,26).
In particular, clonogenic survival curves demonstrated that
the resistance of A431 squamous carcinoma cells and spheroids
to ionizing radiation was the same, while it was very different
in cells and spheroids of the CaSki squamous carcinoma line
(25). The same resistance in monolayer cells and spheroids
was also found in the Chinese hamster V79 cell line after
X-irradiation (26). Therefore, in view of these considerations,
it is of paramount importance that investigators keep in mind
the pivotal role played by cell-cell interaction in determining
radioresistance when conducting experiments with spheroids.

In order to better characterize the molecular differences
between the mitotic catastrophe occurring in MG-63 monolayer
cells and apoptosis taking place in spheroids of this same cell
line, the role of caspases and proteins involved in the cell
death response (e.g., members of the Bcl-2 family of apoptotic
proteins and survivin) was determined. In order to examine if
the two types of cell death observed in MG-63 monolayer
cells and spheroids are caspase-dependent, caspase-3 activity
was determined and the broad-spectrum caspase inhibitor
zVAD-fmk was used. As was reported above, there is a slight
yet significant increase in caspase-3 enzymatic activity in
monolayer cells only at 72 h after irradiation. In spheroids,
on the other hand, there is a sharp increase in caspase-3
activity beginning at 48 h. It should be noted that mitotic
catastrophe, which can be observed using Hoechst 33258
staining by 24 h, precedes caspase-3 activation in monolayer
cells suggesting that this activation is not involved in the
mitotic catastrophe observed. Conversely, caspase-3 activation
in spheroids can be detected by 48 h, the same culture time
when apoptosis, as revealed by Hoechst 33258 staining, has
also initiated. This observation indicates a possible role of
caspase-3 in the apoptosis noted. In order to better elucidate
the role of caspases in mitotic catastrophe and apoptosis in
monolayer cells and spheroids, respectively, zVAD-fmk was
used. As was reported, zVAD-fmk did not affect the number

of surviving monolayer cells after irradiation nor the number
of abnormal nuclei in these cells, but it did cause an increase
in the number of surviving cells as well as a sharp decrease
in abnormal apoptotic nuclei in spheroids. Therefore, the
mitotic catastrophe in MG-63 monolayers is of the more
frequently occurring caspase-independent type (14,20,27-29),
although involvement of caspases has also been suggested in
different cell types (30-32). MG-63 spheroids, on the other
hand, die from the more classical caspase-dependent apoptosis,
even if it is becoming increasingly evident that apoptosis can
also proceed in a caspase-indepent manner (33,34).

Members of the Bcl-2 family of apoptotic proteins were
also examined in order to better characterize the molecular
differences between the mitotic catastrophe occurring in MG-63
monolayer cells and apoptosis taking place in spheroids.
Although the role of Bcl-2 proteins is well-documented in the
regulation of mitochondrial outer membrane permeabilization
during apoptosis (35), their role in mitotic catastrophe is still
controversial. A number of studies have shown that Bcl-2
proteins play a role in mitotic catastrophe (15,22), while
others do not attribute such a role (14,21). In the present
report, Bcl-2 and Bax were examined and only an increase in
Bax was observed in MG-63 spheroids undergoing caspase-
dependent apoptosis. No variations were noted in monolayer
cells during caspase-independent mitotic catastrophe. These
differences in Bax expression in the two cell models examined
may be explained, at least in part, by the role that this protein
plays in cell death. Bax itself may be caspase-dependent
since it has been observed that it can be activated by caspase-9
(36). More importantly, Bax is required to activate effector
caspase-3 (36,37). In accordance with this latter observation,
the increase of Bax expression in irradiated MG-63 spheroids
reported in this work precedes caspase-3 activation. In
particular, the increase in Bax was noted already by 24 h
after irradiation, while caspase-3 activation occurred 48 h
after this exposure.

Survivin is overexpressed in cancer and is frequently
correlated to resistance to antineoplastic therapies and to a
poor prognosis (38). In addition, survivin is a bifunctional
protein that controls cell division and inhibits apoptosis
(16-19,39). Because of the role of survivin in G2/M and
spindle checkpoint control and the importance of dys-
regulation of these checkpoints in mitotic catastrophe (15),
survivin can also be involved in regulating this type of cell
death (20,40,41). In this study, it was shown that irradiation
induced a significant increase in survivin expression in both
MG-63 monolayer cells undergoing mitotic catastrophe and
spheroids dying of apoptosis. It has been suggested that an
increase in survivin expression is a marker for radiation
resistance (42,43). Therefore, it may be hypothesized that the
rise in survivin observed in this work in both cell models
after irradiation may be indicative of resistance. Although
there is no direct proof of this postulate, it was shown that
the amount of survivin in clones that had survived 5-Gy
irradiation was much higher than in unexposed control cells.

In conclusion, the results presented in this report show
that MG-63 cells grown in monolayer and as spheroids
respond in a different manner to 5 Gy of ionizing radiation,
suggesting that three-dimensional cell organization may
play a major role. A different behavior of MG-63 spheroids
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with respect to monolayer cells as a consequence of three-
dimensional organization was also observed using two-photon
excitation microscopy (44). In this report, an increase in
hypoxia-responsive elements (HRE) activity was seen in
spheroids with respect to monolayer cells. It should be
recalled that HRE are present in a series of genes involved in
metabolic adaptation, hematopoieses, changes in adhesive
and invasive properties, angiogenesis and apoptosis (45,46).
Therefore, this diverse activation of the HRE sequences
suggests that monolayer cells and spheroids of the MG-63
cell line have different genes turned on and thus diverse
functional activities and survival characteristics. In addition,
three-dimensional cell organization and the resulting increase
in cell-cell interaction was also shown to play a key role in
the diverse response to ionizing radiation (47). Variations in
cell compaction led to either apoptosis or necrosis in HT-29
human colon adenocarcinoma spheroids exposed to ionizing
radiation. Thus, it appears that the use of spheroids, a cell
model that mimics in vivo solid tumors more closely than
cells grown in monolayer, is more appropriate when
investigating the effects of antineoplastic treatments such as
ionizing radiation.
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