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Abstract

The importance of apoptotic death was assessed in a set of experiments, involving eight human
tumour cell lines (breast cancer, bladder carcinoma, medulloblastoma). Various aspects of the
quantitative study of apoptosis and methods based on the detection of DNA fragmentation (in situ
tailing and comet assay) are described and discussed. Data obtained support the hypothesis that
apoptosis is not crucial for cellular radiosensitivity and that the relationship between p53 functionality
or clonogenic survival and apoptosis may bee cell type specific.

Passage of mammalian cells through the cell cycle is controlled by a number of key control point
Information from these checkpoint control is integrated through the regulated activity of a family of cell
cycle-regulated kinases and their catalitic partners, cyclins (positive regulators) and CDK inhibitors, which
can block cell cycle progresion at various points. In mammalian cells, the regulatory environment is
complicated by the presence of different types of cyclin-dependent kinases that may participate in G,/S and
Gz/M checkpoints, a set of positive regualtors of these CDKs and several inhibitors.

Cell homeostasis is regulated by a balance between proliferation, growth arrest and cell death. Until
recently, studies on oncogenesis have focused on the regulation of cell proliferation (Stanbridge and Nowell,
1990), however emerging evidence suggests that the current paradigm of neoplasia should be revised with
proliferation taking a subsidary place to the primary regulation of growth arrest and cell death (Hall y Lane,
1994).

Two different forms of cell death have been described: apoptosis and necrosis, which can be
distinguished by the distinctive changes that take place within the affected cells. Necrosis is a pathologic
form of cell death usually caused by an acute cellular injury, it is typified by irregular clumping of chromatin
without radical change in its distribution, rapid cell swelling and lysis. In contrast in apoptosis the cell plays
an active role, this process is characterized by the early activation of endogenous proteases leading to
cytoskeletal disruption, cell shrinkage and membrane blebbing and by the degradation of the DNA into
fragments of size of oligonucleosomes. Although both modalities can be induced by the cytotoxic stress there
are several cellular factors which determine the nature of growth arrest and the type of cellular death in
response to ionizing radiation. Among them the tumour suppressor gene, p53, is known to take part in the
apoptotic process and its protein product can act to block the progression or the survival of cells that have
sustained genetic damage being a direct sensor of DNA damage and promoting either its repair or the lethal
events leading to cellular death. These events promoted by the p53 pathway avoid the rise of pools of
aberrant surviving cells and seem to be essential for a good therapeutic response to radiation or
chemotherapeutic drugs.

In previous studies (Siles et al., 1996; Valenzuela et al., 1997) we have examinated the cell cycle
distribution after Y-irradiation and heat treatment; the cell lines were divided into 2 groups depending on the
effects seen. To extend these results we have assessed the importance of apoptotic death in a panel of eight
human tumour cell lines after treatment with 6 Gy of ionizing radiation.

MATERIALS AND METHODS

Cell culture and radiation treatment

Eight human tumour cell lines have been studied in this work. They all have been described
previously (Siles et al., 19%). Six of them were derived from human breast cancer (MCF-7 clones BB, BUS
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and GS, T47D, EVSA-T, MDA-MB-231), RT-112 from a human bladder carcinoma and D283MED is a
human medulloblastoma cell line. This set of cells has been divided into two groups depending on the

p53 protein and RT112, MDA MB 231, MCF-7 BB, EVSA-T y T47D with non-functional p53 protein.
Four of the cell lines were used to performe time course experiments: MCF-7 BUS, D283MED both of them
with functional p53, RT112 and MDA MB 231 both of them with non-functional p53. In the rest of the cells
lines only one experimental point, 48 hours after cell treatment, was analyzed.

Cell lines were grown in 10% fetal bovine serum-supplemented Dulbecco's modified Eagle's medium
(FBS-DMEM) (PAA-Laboratories, Linz, Austria) with penicillin (100 units/ml) and streptomycin (0.1
mg/ml). Cells were incubated at 37°C in a humidified atmosphere of 5% CO^SVo air. Freedom from
mycoplasma contamination was checked regularly by testing with Hoechst 33528 dye (Sigma, St. Louis,
MO,U.S.A.).

Cells in the exponential growth phase were irradiated using a "Co source at a dose rate of 1.67
Gy/min. For apoptosis time-course experiments after cellular irradiation, a single 6 Gy dose was delivered.

RESULTS

Lost of cellular adherence

The quantification of the cells floating in the medium at different times after irradiation with a single
dose has been used as indicative of the cellular death by apoptosis (Ling et al., 1994). This parameter has
been included in this work even though its inespecificity, as it can give us information about the
reproducibility of the different experiments and about the comparability of the deattached cells measured in
the comet or end-labelling experiments. Actually, the fraction of floating cells must be similar whatever
method is used to assess apoptosis after treatment.

The relationship between the percentage of deattached cells found in both groups of expemeriments
(x-axis://i situ tailing; y-axis: comet assay) has been studied. The statistical analysis shows that points
coming from different experiments fit closely to a straight line which parameters (r = 0.949, p< 0.001) are
demostrative of the equal effect produced by irradiation.

We have studied the kinetic of the lost of adherence in the different cell lines studied. All of them,
except D283MED, show a progressive increase in the floating population with the time after treatment. The
experimental points plotted draw a linear relationship between the deattached cell number and the time after
radiation exposure (slope = 0.127±0.01, r = 0.991 and p = 0.001).

On the other hand, D283MED shows a different pattern of lost of cellular adherence, with higher
values which cannot be fitted to a straight line.

Analysis by in situ tailing of the apoptic death induced after y-irradiation

Using in situ tailing we have measured the percentage of apoptotic cells 12,24,36 or 48 hours after
irradiation. Experiments were performed at least three times with each cell line and each experimental point
was compared with the corresponding control, non irradiated cells, to establish whether apoptosis occured
or not spontaneously. Having into account all the experiments performed, the fraction of cells in control
flasks in which the in situ tailing was positive was in no case over 1%. On the other hand, joining together
the results obtained we have calculated the mean values corresponding to the fraction of stained cells at 24
(0.31%±0.29%) and 48 hours (0.42%±0.32%) and we have found no significative statistical difference
between these two points. That means that the cell culture conditions were kept invariable in control flasks
through the whole experimental time and that apoptosis is not an important factor in control cultures.

In the treated flasks floating and adherent cells were analyzed independently to quantify the fraction
of apoptotic cell in both populations and to clarify if the dead population was coincident with those cells
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which lose the adherence to the monolayer. No significative incidence of apoptosis could be detected in the
adherent cells, however in the floating population the percentages found differed widely among the different
cell lines. Focusing on the four cell lines in which the time-course of apoptosis was studied, the main
differences were found between D283MED in which the apoptosis increases continously reaching 66.5%
48 hours after irradiation and MDA MB 231 in which hardly no apoptosis can be detected. The cells RT112
show values mat increase slowly with the time and MCF-7 BUS has intermediate percentages of apoptosis
reaching a maximum, 31%, 36 hours after irradiation.

Among the other four cell lines in which only one experimental point was analyzed, MCF-7 GS
shows clearly the most important value as nearly all the floating population was positive when the end-
labelling technique was applied.

We have represented the time-course of the total percentage of apoptosis obtained by considering
the two populations, floating and adherent cells together. D283MED turned out to be the most apoptotic cell
line although the maximun value, 48 hours after irradiation, was only 14.06±0.51. MCF-7 BUS shows
slightly higher values than the other two cell lines, RT 112 and MDA MB 231.

Analysis by comet assay of the apoptotic death induced after y-irradiation

We proceeded in the same way described previously to quantify the apoptosis induced after y-
irradiation by the comet assay. Experiments were performed three times and the controls, non irradiated cells,
were also analyzed to establish the incidence of spontaneous apoptosis. Again no differences were found
among control cells with the time, and the values obtained were in all cases non significative from a
quantitative point of view, although the assesment of apoptosis by comet assay in controls were slighly
higher than the results obtained by the in situ tailing method (range of values from 0.5 to 5%).

hi treated flasks the fraction of cells measured by comet assay showing changes compatible with
apoptosis has been quantified in the adherent population where the proportion of apoptotic cells reaches
maximun values 12 hours after irradiation in MCF-7 BUS and MDA MB 231, or 36 hours after irradiation
in D283MED and RT112 and decreases with the time, hi the other four cell lines studied, the values are
again higher than those obtained by the end- labelling method specially in EVSA-T.

The apoptosis in the floating population is also much higher than the one detected by in situ tailing.
Considering firstly the four cell lines in which a time-course experiement was performed, RT 112 cells show
the maximum values as all the non-adherent cells showed the typical "apoptotic comet". D283MED cell line
does also have an increasing and considerable percentage of apoptosis which reaches 84% 48 hours after
treatment MCF-7 BUS decreases with the time and MDA MB 231 cells have a low percentage of "apoptotic
comets" in the floating population, hi MCF-7 BB, MCF-7 GS, EVSA-T and T47D-B8 the apoptotic comet
shape is also significative.

Finally,we have also represented the time course of the total apoptosis quantified by considering the
two populations, floating and adherent cells together. MCF-7 BUS and MDA MB 231 show decreasing
values, on the contrary in D283MED and RT112 the apoptosis is induced progresively reaching a maximum
48 and 36 hours after irradiation respectively.

DISCUSSION

Apoptosis represents a physiological mechanism of cell death involved in the regulation of cell
proliferation and differentiation. Its critical role in the control of cell number is of obvious relevance to an
understanding of different disease states such as cancer. Besides an increasing body of evidence suggests
that anticancer agents (e.g. ionizing radiation) act to induce apoptosis, which means that factors increasing
the propensity for apoptosis may have a critical role in therapy (Lowe et al., 1993). According to this view,

545



in this paper we have analyzed by using different methodologies the apoptotic response to ionizing radiation
in a panel of different human tumour cell lines which had been previously studied according to its p53
functionality (Siles et al., 1996).

The quantitative study of apoptosis is not easy, specially as apoptosis is a dynamic process in which
the cell plays an active role that finishes with cell removal. A first approach used by some authors has been
the measurement of the floating population after different treatments e.g. ionizing radiation, TGF (M or
overexpression of v-mos oncogene (Ling et al., 1994; Busch et al., 1994; Soldatenkov et al., 1995), in those
reports the cells that lose the adherence to the monolayer are shown to be apoptotic by DNA. We have also
used the measurement of the floating population with two different objectives: a) As indicative of the
reproducibility of the different experiments performed in the same cell line and b) As a possible indicator
of cell death, the analysis of apoptotis has been carried out independently in the floating and adherent cells.
After y-irradiation the deattached cells increase slowly (0.12% per hour) continously during 48 hours in all
the cell lines used except in D283MED, previously described as apoptotic after ionizing radiation treatment
in which the proportion of these cells increases significantly, 19.95% ± 2.05% at 24 hours after irradiation
to keep aproximately constant until the end of the experiment. So the response to the same stimulus seems
to be cell type dependent, in fact a high proportion of the deattached cells in MDA MB 23 lwere healthy
mitotic cells in which the deep morphology change made them lose the adherence to the monolayer.

Different methods based on the detection of DNA fragmentation have been recently developed. In
this work we have applied two of them, in situ tailing and comet assay. The first one identifies apoptotic cells
by direct fluorescence detection of labeled DNA, it has been previously described (Gold et al., 1994) as a
sensitive method with an almost complete correlation with the typical morphology of apoptosis. The
advantages of using the enzyme TdT, which catalyzes a template independent addition of
deoxyribonucleotide triphosphate to the 3'-OH ends of double-or single-stranded DNA, can be summarized
in three main points: a) The intensify of labelling of apoptotic cells which means more sensitivity b) The
kinetic of addition of deoxynucleotides to the broken DNA is very quick c) Necrotic cells keep unstained.
The second one is a simple, rapid and inexpensive method for DNA strand break detection in individual cells.
Its use has increased significantly in the past few years. Since apoptosis is characterized by extensive DNA
cleavage, this assay has been proved useful in detecting apoptotic cells as those ones in which only a small
amount of DNA stays in the original position of the nucleus (Roselli et al., 1995). According to previous
reports, performing the comet assay using either alkali or neutral lysis method produced similar results. In
this work we have used the neutral method to identify apoptotic comets. Both methods were applied
independently to the floating and adherent populations and the comparison of the results obtained led us to
conclude that they are not detecting the same event, as it has not been possible to make any statistical
significative correlation between them. La fact if we consider the cell line RT112 all the deattached cells
showed apoptotic features according to the comet assay while no more than 12% were considered possitive
by in situ tailing, on the contrary MCF-7 GS cells showed 95% of apoptosis by in situ tailing and 57.3%
by comet assay. Besides, in the adherent population no apoptotic cells were identified by in situ tailing,
which is in agreement with the results reported by other authors (Soldatenkov et al, 1995; Bush et al, 1994),
however higher percentages of apoptosis were detected by the comet assay, specially in MCF-7 BUS at the
beginning of the experiment. These two methods are based on the detection of DNA strand breaks which
take place in the oligoaucleosomal links by the activation of endogenous endonucleases. Another qualitative
method based in this same principle is the detection of "ladders" on DNA gel electrophoresis. This analysis
was previously used by us (Siles et al., 1996) in this panel of cell lines and allow us to compare the
quantitative results obtained by both methodologies and the qualitative stimation of electrophoresis to
determine which method is the most accurate to study apoptosis. This comparison has led us to conclude that
the comet assay does not correlate with the biochemical results, in fact the highest values of total apoptosis
obtained correspond to the group identified as ±, while the + and - ones have similar averages of apoptosis.
Nevertheless there was a better correlation with the apoptosis quatitified by in situ tailing, in this case the
percentage of apoptosis increases as the "ladder" gets more intense. The results reported here, raise the
possibility that the comet assay, at least in the cell lines analyzed, does not measure specifically apoptosis
but maybe cell death independently of the form, apoptosis or necrosis, in which it takes place.
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The induction of apoptosis after DNA damage has been described by different authors to be wild-
type p53 dependent We have previously reported a close relationship between cellular radiosensitivity and
p53 functionality, determined by the constitutive p53 levels, the G, arrest after irradiation or the p53 protein
response to radiation. This would presumibly led us to think that in cells with functional p53 this protein
allows more time for DNA repair to be completed, preventing the occurence of genetic alterations or to exit
by apoptosis in the case of too severe damage. Our results do not however indicate a link between the
quantitative incidence of apoptosis in the cells lines studied and either p53 functionality or SF2. The
independence between p53 and the incidence of apoptosis have also been published by other authors.
Although the most radiosensitive cell line, D283MED turned out to be the most apoptotic, its apoptotic
index is not big enough to account for its low SF2 (0.18). In fact it has been suggested previously that it may
be incorrect to make predictions about radiosensitivity or chemosensintivity of cells based only on knowledge
of their mode of cell death. Thus our data support the hypothesis that apoptosis is not crucial for cellular
radiosensitivity and that the relationship between p53 functionality or clonogenic survival and apoptosis may
be cell type specific.
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