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Abstract: We compared the extent to which apoptosis is induced and 
clonogenicity reduced in three tumour cell lines – the human melanoma Me45 
and promyelocytic leukaemia HL-60, and the rat rhabdomyosarcoma R1 – after 
exposure to the anticancer drugs etoposide and cis-platinum or to gamma 
radiation; each induces different types of DNA damage. Cells which readily 
underwent apoptosis did not necessarily show a correlated loss of clonogenicity; 
for example, Me45 cells showed the highest sensitivity to all three agents in 
clonogenic assays but much lower levels of apoptotic cells than R1 or HL-60 
cells. These results show that the efficiency of the eradication of clonogenic cells 
by genotoxic agents does not solely depend on the induction of apoptotic 
processes, and suggest that the induction of apoptosis and suppression of 
clonogenicity are independent processes. 
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INTRODUCTION 
 
The cytotoxic and genotoxic agents used in clinical therapy show variable 
effectiveness against different types of tumour; for example, tumours originating 
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from lymphoid cells (lymphomas, myelomas, leukaemias) are generally highly 
sensitive to radiation therapy, while squamous cell carcinomas show 
intermediate sensitivity, and melanomas and gliomas are the most resistant [1]. 
Even tumours of the same histological type can show variable responses to the 
same type of treatment [2]. This differential sensitivity to particular treatments 
may depend on many factors, with the efficiency of DNA repair and the cell 
cycle control mechanisms probably being the most important.  
Successful cancer therapy must ensure the eradication of all clonogenic tumour 
cells from the organism, because cancer cells undergo unlimited division and 
even a single cell may be the source of a repopulating clone. The clonogenic 
survival assay is a classical method for testing cellular sensitivity to different 
doses of cytotoxic and genotoxic anticancer agents in vitro. It is used to 
determine the fraction of cells able to form colonies [3-5]. This seems to be one 
of the best tests for predicting the responsiveness of a tumour to clinical 
treatment [3, 6, 7], but it is not clinically applicable due to its long duration. It 
can be misleading for cells with low plating efficiency, long doubling time, or an 
inability to form colonies [8]. Consequently, other assays that measure DNA 
damage or apoptosis in cells treated with an anticancer drug have been sought. 
The measurement of the induction of apoptosis in cancer cells is simpler than 
clonogenic assays and is a relatively short process. It appears logical that 
apoptosis should be inversely correlated with clonogenic survival, but data are 
accumulating which cast doubt on the importance of apoptotic processes in the 
eradication of clonogenic tumor cells [9-12]. In this study, we compare the 
induction of apoptosis and the loss of clonogenicity in cells of three tumor cell 
lines exposed to two chemical anticancer drugs or to ionizing radiation.  
 
MATERIALS AND METHODS 
 
Cell cultures 
Two human and one rat tumor cell line were used in this study – the human skin 
melanoma line Me45 (established at the Institute of Oncology, Gliwice), the 
human promyelocytic leukaemia line HL-60 (donated by the Institute of 
Biochemistry, Lviv, Ukraine), and the rat rhabdomyosarcoma line R1 (from the 
Institute of Immunology, Wroclaw, Poland). Me45 cells were grown as 
monolayers in DMEM/F12 [1/1] medium (Sigma), R1 cells as monolayers in 
DMEM (Sigma), and HL-60 cells in suspension in RPMI (Sigma), all 
supplemented with 15% fetal bovine serum (Gibco), 100 U/ml penicillin, 100 
µg/ml streptomycin, and 80 µg/ml gentamycin (Polfa, Poland). The medium was 
changed twice a week. 
 
Exposure to gamma radiation, cis-platinum or etoposide 
Exponentially growing cells were irradiated in a Philips Gammatron with a 60Co 
source with 2, 4, 6, 8 or 10 Gy at a dose rate of 1 Gy/min, or exposed to cis-
diaminodichloroplatinum (cis-platinum) or etoposide (VP-16) at 1, 2, 5 or 10 
µg/ml in growth medium for 2 hours at 37ºC. The medium was then replaced 
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with fresh medium and the cells were incubated for an appropriate time before 
scoring apoptosis or micronuclei.  
 
Clonogenicity assays  
An appropriate number of cells were seeded into 6 cm dishes (Nunc) in 5 ml of 
growth medium, supplemented with agarose (Sigma) to a final concentration of 
0.5% for HL-60 cells. After 16 hours, the cells in the dishes were exposed to 
radiation or to different concentrations of etoposide or cis-platinum for 2 h. 
Immediately after treatment, the medium was replaced and the cells were 
incubated at 37ºC in humidified air plus 5% CO2 for colony formation for a 
period of 14-17 days. On day eight, 2 ml of fresh medium was carefully added to 
the dishes. When the incubation was terminated, colonies were fixed with 
ethanol, washed with distillated water and stained with crystal violet. Colonies 
containing at least 30 cells were counted. The data presented in Fig. 3 indicate 
the mean values and the standard deviations of four determinations. 
 
Apoptosis and micronucleus assays  
At 24, 48 and 72h after gamma radiation or treatment with chemical agents, cells 
were trypsinized, centrifuged at 1000 rpm for 5 min, fixed in methanol:acetic 
acid (3:1), air dried on a microscope slide, and stained with DAPI (4',6'-
diamidinophenylindole) (2 µg/ml in water). Apoptotic cells were identified via 
fluorescence microscopy using the criteria of marked chromatin condensation, 
fragmentation of nuclei, and bright staining with DAPI [13]. In each sample, 
1000 cells were scored and each experiment was performed twice. 
Micronucleated cells were counted on the same slides using the criteria proposed 
by Falkvoll [14]. The data presented in Figs. 1, 2 and 3 indicate the mean values 
and the standard deviations from two experiments. 
 
RESULTS 
 
Induction of apoptosis 
First, we compared the induction of apoptosis by gamma radiation or by the 
widely-used anticancer drugs etoposide and cis-platinum in the human 
melanoma line Me45, the promyelocytic leukaemia line HL-60, and the rat 
rhabdomyosarcoma line R1. The cells were exposed to different concentrations 
of the drugs and apoptosis was assayed 72 h after drug removal. R1 cells showed 
a markedly higher level of apoptosis than Me45 and HL-60 cells after exposure 
to cis-platinum and etoposide (Fig. 1A, B,); cis-platinum at 10 µg/ml induced 
apoptosis in more than 99% of the R1 cells, whereas in the other cell lines the 
level of apoptotic cells did not exceed 30%. Me45 cells were the most resistant 
and the level of apoptosis did not exceed 20% at drug concentrations of 1-10 
µg/ml. Furthermore, melanoma cells were also resistant to apoptosis induction 
by gamma radiation (Fig. 1C). By contrast, HL-60 cells, which did not exhibit  
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Fig. 1. The induction of apoptosis in R1, HL-60 and Me45 cell lines by different doses 
of cis-platinum (A), etoposide (B) and γ-rays (C). 
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Fig. 2. The kinetics of the appearance of apoptotic cells after the exposure of R1(A), 
Me45(B) and HL-60(C) cells to cis-platinum (10 µg/ml), etoposide (10 µg/ml) or γ-rays 
(10 Gy). 
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Fig. 3. The clonogenic survival of cells exposed to cis-platinum (A), etoposide (B) and γ-
rays (C). 
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apoptosis after treatment with etoposide (Fig. 1B), were the most sensitive to the 
induction of apoptosis by gamma rays (Fig. 1C).  
Kinetic studies showed that apoptotic R1 cells appeared with increasing 
frequency up to 72 h after exposure to drugs at 10 µg/ml, and were detected 
earlier in cells exposed to cis-platinum than to etoposide (Fig. 2A). Gamma 
radiation induced a higher level of apoptosis immediately after the treatment of 
R1 cells (Fig. 2A). Me45 and HL-60 cells were markedly less sensitive to the 
induction of apoptosis by the chemical agents (Fig. 2B, C). By contrast, 
apoptotic HL-60 cells appeared immediately after exposure to genotoxic agents 
and showed a minor increase up to 72 h (Fig. 2C). Me45 cells did not show 
apoptosis after gamma radiation; cis-platinum and etoposide were more efficient 
but the level of apoptosis induced did not exceed 20% after 72 h (Fig. 2B). 
 
Clonogenic survival 
We then studied the loss of clonogenicity of these cell lines after exposure to the 
same genotoxic conditions. Me45 cells were extremely sensitive to all three 
genotoxic agents (Fig. 3) in spite of their relatively low frequency of apoptosis; 
10 µg/ml of cis-platinum or etoposide reduced the clonogenic fraction by 5 
orders of magnitude (Fig. 3A, B). In terms of clonogenic cell survival, HL-60 
cells were less sensitive to both drugs, whereas R1 cells showed intermediate 
sensitivity. Survival curves after irradiation were similar for all three cell lines at 
lower doses; however, between 6 and 10 Gy their slopes differed and the 
surviving fraction for the most radiosensitive melanomas was nearly two orders 
of magnitude lower than that for the most resistant rhabdomyosarcoma. 
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Fig. 4. The induction of micronucleus formation in R1, Me45 and HL-60 cells irradiated 
with γ-rays. 
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The induction of micronucleus formation by gamma radiation 
Double-strand breaks in DNA may result in the creation of micronuclei. We 
examined the relative induction of micronuclei in the three cell lines by gamma 
radiation. R1 cells were most sensitive, Me45 cells the least sensitive, and HL-
60 cells showed intermediate sensitivity (Fig. 4).  
 
DISCUSSION 
 
The aim of anticancer therapy is to eradicate all tumour cells which are 
potentially clonogenic; therefore, knowledge about a tumour's sensitivity to 
drugs or radiation prior to decisions on therapy could be very important for the 
outcome. Predictive tests based on the reduced clonogenicity of tumour cells in 
response to anticancer drugs are in many cases well correlated with the 
efficiency of clinical therapy [3, 6, 7], but clonogenicity testing is time 
consuming and sometimes misleading [8]. Other tests based on the induction of 
DNA damage and apoptosis or on DNA repair capacity are still under study. In 
the search for a simple test of individual tumour sensitivity to therapeutic agents, 
the measurement of the induction of apoptosis seems to be relatively rapid and 
promising, and it appears logical that the propensity to undergo apoptosis during 
treatment should be correlated with the loss of clonogenicity of the tumour cells. 
Several authors have reported such a correlation for irradiated cells [14, 15, 18]. 
However, the results described here indicate that cells which readily undergo 
apoptosis after exposure in culture to cytostatic drugs or gamma radiation do not 
necessarily show a correlated loss of clonogenicity. In fact, melanoma cells, 
which of those studied were the most resistant to the induction of apoptosis, 
showed the highest sensitivity in clonogenic assays. A similar lack of correlation 
between apoptosis and clonogenic survival after irradiation has been reported by 
others [9-12, 16, 17]. The same cells may show a very different reduction of 
clonogenicity in conditions where the induction of apoptosis is similar and vice 
versa. In R1 cells, 37-38% are apoptotic after 10 Gy of gamma radiation or 10 
µg/ml of etoposide, but clonogenic cells are nearly completely eradicated by 
etoposide at the same concentration (survival fraction 10-5), whereas gamma 
radiation at the dose of 10 Gy left the survival fraction close to 10-2. In HL-60 
cells, the clonogenic fraction after 10 Gy gamma radiation or 10 µg/ml etoposide 
is similar, although there is a large difference in the level of apoptotic cells (14% 
and 50% respectively). Multivariate analysis of these data shows a negative 
correlation between the surviving cell fraction and the fraction of apoptotic and 
micronucleated cells, but the slopes of the correlation curves for different cell 
lines are very different; at 0.01 surviving fraction, about 50% of HL-60 and R1 
cells but only 9% of Me45 cells are apoptotic (data not shown). These results 
strongly suggest that the reduction of clonogenicity does not solely depend on 
the induction of apoptotic processes, and that a high fraction of apoptotic cells 
does not necessarily lead to a reduction of clonogenicity. It has been shown that 
a correlation between reproductive cell death and radiosensitivity measured 
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separately by apoptosis or micronucleus yield can be improved by combining 
both assays [13, 19]. However, our study showed that Me45 cells, radiosensitive 
on the basis of clonogenic survival assays, express neither a high level of 
apoptosis nor of micronucleus formation. Thus, other factors such as mitotic 
failure or cell death through necrosis could contribute to the high radiosensitivity 
of these melanoma cells; however, necrosis was not assessed in this study. The 
answer to the very basic and important question for tumour therapy of why the 
level of apoptosis or inhibition of clonogenicity in response to different types of 
DNA damage can be so different in the same cells may lie in the processes of 
recognition of DNA damage. The agents studied here induce different types of 
DNA damage; gamma radiation induces various oxidative changes in DNA 
bases together with single- and double-strand breaks [20, 21]; cis-platinum 
introduces inter- and intra-strand crosslinks [22, 23], while etoposide causes 
strand breaks in the vicinity of sites where topoisomerase II acts [24, 25]. DNA 
adducts induced by cis-platinum and strand breaks or oxidative damage induced 
by gamma radiation are recognized and repaired by different systems [26], of 
which some also participate in signal transduction pathways [27]. The 
differential induction of apoptosis and inhibition of clonogenicity following 
exposure to different genotoxic agents is consistent with the idea that these 
processes are initiated by different proteins and depend on different signaling 
pathways and that the efficiency of cell cycle controls rather than induction of 
apoptosis may determine survival. Further study is required to establish what are 
the proteins and signal transduction pathways crucial for the inhibition of 
clonogenic survival. 
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