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The contribution of DNA ploidy to radiation sensitivity in
human tumour cell lines
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Summary The contribution of DNA ploidy to radiation sensitivity was investigated in a group of eight human tumour cell lines. As previous
studies suggest, while more aneuploid tumours tend to be more radioresistant, there is no significant relationship between ploidy and
radiation sensitivity (SF2). The failure to observe a significant effect of ploidy on radiation sensitivity is due to the complex and multifactorial
basis of radiation sensitivity. When we determined the relationship between survival and radiation-induced chromosome aberration frequency,
a measure independent of most other modifiers of sensitivity, we observed a direct relationship between ploidy and mean lethal aberration
frequency. The mean lethal frequency of aberrations increased from about 1 for diploid cells to about 2 for tetraploid cells. The mean lethal
frequency of aberrations was independent of DNA repair variations. These observations demonstrate that changes in DNA ploidy are an
important contributor to radiation sensitivity variations in human tumour cell lines. Therefore, any battery of predictive assays should include
DNA ploidy measurements.

Keywords: predictive assay; DNA ploidy; radiotherapy; chromosome aberrations

British Journal of Cancer (1999) 79(5/6), 744–747
© 1999 Cancer Research Campaign
Article no. bjoc.1998.0119
Interindividual variations in tumour response to radiation 
thought to reflect in part the intrinsic cellular radiosensitivity
the cells in the tumour (West, 1994). Thus, there has been a
interest in trying to understand the basis for variations in inhe
radiation sensitivity. There are many different variables that
influence radiation sensitivity and might account for int
individual differences in radiation sensitivity (Szumiel, 19
West, 1994). One that has been extensively examined is 
ploidy. A number of studies have reported that diploid tumo
show better responses to radiation therapy than aneuploid
(reviewed in West, 1994). Other studies, however, find no rela
ship between ploidy and response. Similarly, in vitro studies o
relationship between radiation sensitivity and chromos
content (reviewed in Szumiel, 1981; Cornforth and Bedford, 19
have failed to show a consistent relationship between chromo
content and radiosensitivity. One complicating factor is that ra
tion sensitivity is likely defined by more than one variable, 
therefore the influence of ploidy or chromosome content ma
masked by differences in other factors such as alterations in 
repair. The goal of the present study was to investigate the ro
ploidy in human tumour cell radiation sensitivity independen
other modifiers of response.

The primary lethal lesion induced by ionizing radiation i
chromosome aberration (Dewey et al, 1971; Carrano, 1
Bedford et al, 1978; Grote et al, 1981; Cornforth and Bedf
1987; Bedford, 1991). Presumably, acentric fragments that for
a result of radiation exposure are eliminated from cells due to
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inability to properly segregate at anaphase. The resulting lo
genetic information is lethal. This has been shown by m
different investigators using a variety of experimental approa
including the direct observation of irradiated cells (Grote et
1981). Analysis of chromosome aberrations allows one to exa
questions concerning the role of DNA ploidy and chromoso
content on radiation sensitivity independent of other factors.
example, variations in sensitivity to DNA damage induction
alterations in DNA repair should influence the number of chro
some aberrations induced, not the relationship between aber
frequency and survival. If DNA ploidy influences radiation sen
tivity, then the relationship between aberration frequency 
survival will change as ploidy changes. In normal diploid fib
blasts, a single aberration is considered lethal (Cornforth 
Bedford, 1987). In hyperdiploid tumour cells, perhaps hig
levels of chromosome aberrations may be required to kill the
In the present work, we examined the relationship between c
mosome aberration frequency and survival in a group of hu
tumour cell lines. Our analysis confirms the observations 
chromosome aberrations are the primary lethal lesion in tum
cells and demonstrates that ploidy influences radiation sensi
in human tumour cell lines.

MATERIALS AND METHODS

Eight human tumour cell lines, established from tumour bio
specimens, were studied (Table 1). One, A549, was derived fr
lung adenocarcinoma. The other seven were derived from h
and-neck squamous cell carcinomas (SCC). The methods of e
lishment, characterizations and growth conditions used for ea
the cell lines have been previously described (Weichselbaum 
1989; Schwartz, 1992; Russell et al, 1995). All of the cell li
were non-clonal populations that had been maintained in cu
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Table 1 Characteristics of cell linesa

Cell line SF 2 Chromosomes/cell b

SCC-12B.2 0.64 73 ± 2 (66–76)
A549 0.82 65 ± 3 (55–70)
SCC-61 0.27 47 ± 1 (38–86)
SQ-38 0.44 90 ± 2 (84–99)
SQ-20B 0.51 62 ± 1 (43–112)
SQ-9G 0.35 57 ± 2 (48–116)
SCC-25 0.35 68 ± 1 (58–94)
JSQ-3 0.67 89 ± 11 (62–122)

aThe data for the squamous cell carcinomas are from Weichselbaum et al
(1989) and Schwartz (1992). bMean number ± SEM. Range is in
parentheses.
for many years. Their radiation sensitivity characteristics 
stable, and no large changes in ploidy have been noted. Rad
sensitivity was determined by clonogenic cell survival assa
previously described (Weichselbaum et al, 1989; Russell e
1995). Briefly, exponentially growing cultures were trypsiniz
from stock cultures and between 500 and 40 000 cells were p
in 60-mm tissue culture dishes, allowed to enter expone
growth, and then exposed to either 250 kV X-rays or 137Cs γ-rays.
Cells were incubated at 37°C for up to 3 weeks, after which th
cells were fixed and stained with crystal violet. Only colonies
more than 50 cells were scored as survivors. Survival followi
2 Gy exposure is presented. The survival data from the SCC
lines has been previously reported (Weichselbaum et al, 1989

For the cytogenetic analyses, cultures were exposed to g
doses up to 8 Gy and then incubated for 18–30 h, depending o
growth rate of the cell line, to maximize the scoring of cells 
were irradiated in G1 (Schwartz, 1992). Two or three differe
doses were evaluated for each cell line. Cells were arrest
metaphase with a 2-h treatment with 0.2µM colcemid. Cells were
harvested, incubated in 0.075M potassium chloride for 20 min
and fixed in 3:1 methanol:acetic acid. Fixed cell suspensions 
© Cancer Research Campaign 1999
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Figure 1 The relationship between chromosome aberration frequency and surviv
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dropped onto slides, air-dried, and stained in a 5% Giemsa so
for later cytogenetic analysis. Cells were analysed for chro
some-type aberrations as described by Savage (1975). Twent
to 50 cells per dose-point were analysed. Results are the m±
SEM of 2–4 experiments. Mean chromosome number was d
mined from unexposed cultures. The chromosome aberration
for the SCC cell lines was originally published in Schwartz (19
Survival and chromosome aberration frequency were compar
linear regression analysis.

RESULTS

The radiation sensitivities of the cell lines are shown in Tabl
Survival following a 2 Gy exposure (SF2) ranged from 0.27 fo
SCC-61 cells to 0.82 for A549 cells. There is no evidence for
radiation-induced apoptosis in these cells (unpublished obs
tions). By morphologic and flow cytometric analysis, apopto
levels are less than 10% in the control and in the irradi
cultures. These cell lines apparently die a mitotic death.

Chromosome aberration frequency was compared to sur
measured after the same exposure level (Figure 1A). There 
highly significant linear relationship between survival and ch
mosome aberration frequency (r2 = 0.80, P = 4.42 × 10–7). The
slope of the regression was determined for each cell line. From
slope, a measure of the mean lethal aberration frequency fo
cell line, that is, the number of aberrations that yields an avera
1 lethal hit per cell (Hall, 1994) was calculated. For diploid fib
blasts, the mean lethal aberration frequency is 1 aberratio
(Cornforth and Bedford, 1987). The mean lethal aberra
frequency varied from 1.2 aberrations/cell for SCC-61 cells to
aberrations/cell for JSQ-3 cells. When the data for all the cell 
was combined, the mean lethal aberration frequency was 1.7± 0.2
aberrations/cell. The extrapolation number for these cells 
1.1 ± 0.1.

We initially used chromosome number as a measure of rel
DNA content. Chromosome number was determined for each
line using the same slides used for the aberration analysis
British Journal of Cancer (1999) 79(5/6), 744–747
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Figure 2 The relationship between mean chromosome number and mean
lethal aberration frequency in human tumour cell lines.
non-clonal cell lines we studied have been maintained al
continually for many years. DNA ploidy levels were fairly stab
That is evident from the relatively small standard errors aro
each mean chromosome number (Table 1). Thus, the pot
complicating effects of a large subset of cells with different c
mosome constitutions were not a problem for our study. M
chromosome number varied from 47 for SCC-61 cells to 90
SQ-38 (Table 1). The average for all eight cell lines is 69.8 ± 4.8
chromosomes/cell. Mean chromosome number was compar
both plating efficiency and cell doubling time, data previou
reported in Schwartz (1992). There was no significant relation
between mean chromosome number and plating efficiency r2 =
0.01, P = 0.80). There was, however, a significant inverse relat
ship between mean chromosome number and doubling timer2 =
0.50, P = 0.046). Paradoxically, cells with greater numbers
chromosomes cycled more rapidly.

There was no significant relationship between mean chro
some number and SF2 (r2 = 0.18, P = 0.30). As shown in Figure 2
however, there was a significant relationship between mean 
mosome number and the mean lethal aberration frequency c
lated from Figure 1A (r2 = 0.46, P = 0.04). The mean letha
aberration frequency was larger for the hyperdiploid cells. W
the aberration data in Figure 1A was corrected for chromos
number (corrected frequency = [aberration frequency/ave
chromosome number] × 46) and expressed as aberrations/dip
chromosome number, the linear relationship between surviva
aberration frequency improved (r2 = 0.86, P = 1.85 × 10–8), and the
mean lethal aberration frequency now ranged from 0.8 ab
tions/cell to 1.4 aberrations/cell with a mean of 1.2 ± 0.1 aberra-
tion/cell (Figure 1B). The extrapolation number was 1.1 ± 0.1.

Chromosome number is only a rough approximation of D
content. Individual chromosomes vary in size and, in tumor c
are usually highly rearranged. We therefore examined rel
DNA content in each cell line. DNA content was determined
flow cytometric analysis of the G1 peak. It is expressed as the 1

DNA content normalized to a diploid lymphoblastoid cell lin
There is a direct relationship (r2 = 0.93, P = 0.002) between rela
tive DNA content and chromosome number. As was seen for c
mosome number, there is no relationship between DNA con
British Journal of Cancer (1999) 79(5/6), 744–747
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and SF2 (r2 = 0.43, P = 0.16). Using DNA content to correct abe
ration frequency (corrected frequency = aberration frequency/
tive DNA content) results in a mean lethal aberration frequenc
0.9 ± 0.1 aberration/cell.

DISCUSSION

Taken together, these studies on the relationship between su
and chromosome aberration frequency confirm that aberration
the primary lethal lesion induced by ionizing radiation, and 
the loss of genetic material, presumably through the failur
acentric fragments to segregate properly at anaphase, is the
event. While the mean lethal aberration frequency was close t
diploid cell lines, it increased linearly as ploidy increased
approximately 2 in the tetraploid cell lines. Therefore, in hyp
diploid tumour cells, where there is likely to be extensive g
duplication, some genetic loss can be tolerated, and higher l
of chromosome aberrations per cell are required to kill the cel

In our study, we focused on aberrations induced in G1 cells to
make the analysis simpler. Chromosome-type aberrations pre
inate in G1-exposed cells, while chromatid-type aberratio
predominate in cells exposed in G2 or S-phase. Chromatid-typ
aberrations would be expected to be lethal in only half of
daughter cells. Chromosome aberration frequency was com
to survival measured after the same exposure level in asyn
nous populations of cells where approximately half of the exp
cells are in G1 (Schwartz, 1992). Based on the analysis of Quie
al (1991), we would expect survival levels in G1-exposed cells to
be about 20% less than that seen for asynchronous popula
Reducing survival levels by 20% to account for possible ra
sensitivity differences between G1-exposed cells and asynchr
nous populations did not significantly affect our results 
conclusions. The mean lethal aberration frequency incre
slightly while the extrapolation number decreased slightly.

The failure to find a consistent relationship between D
ploidy and radiation sensitivity or tumour response to ther
(West, 1994) suggests that there are other factors in additi
ploidy that define response. We and other investigators have 
tified DNA repair alterations as being an important factor defin
radiation sensitivity in tumour cells (reviewed in West, 19
Schwartz, 1998). In fact, the primary factor underlying 
radiosensitivity differences in the eight cell lines studied is a
ations in DNA double-strand break rejoining kinetics (Schwa
1998). DNA repair alterations, however, define the probability
producing a chromosome aberration. Ploidy defines how m
aberrations are required to kill the cell.

As mentioned above, the analysis of chromosome aberr
frequency provides a marker of sensitivity that is independen
many other factors including repair. Brown and co-workers (Bro
et al, 1992) have proposed that the analysis of chromosome a
tion frequency would be a useful parameter to predict radios
tivity. Our analysis suggests that using chromosome aberr
frequency alone without correcting for ploidy could lead to e
neous conclusions. For example, when uncorrected aberr
frequency is used to rank cell lines according to their radiosensi
(Table 2), JSQ-3, SQ-38 and SCC-25 appear more sensitive
clonogenic survival measurements would suggest. Correcting 
ration frequency for ploidy yields the correct radiosensitiv
ranking. Therefore, the measurement of ploidy should be consid
in any battery of predictive assays, especially when the end p
do not include clonogenic survival measurements.
© Cancer Research Campaign 1999
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Table 2 Relative sensitivity as determined by induced chromosome
aberration frequency and clonogenic survivala

Aberrations/diploid
Aberrations/cell chromosome content SF 2Gy

A549 1.0 1.0 1.0
SQ-20B 2.8 2.8 1.6
SCC-12B.2 2.9 2.6 1.3
JSQ-3 3.1 2.3 1.2
SQ-9G 4.1 5.0 2.3
SQ-38 4.8 3.5 1.9
SCC-61 5.1 7.3 3.0
SCC-25 5.8 5.5 2.3

aRelative sensitivity was defined by either 3-Gy-induced chromosome
aberration frequency/cell, aberrations/diploid chromosome content,
and SF2 Gy. All values are relative to A549 cells.
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