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Lack of a correlation between micronucleus formation and
radiosensitivity in established and primary cultures of human tumours

R. Villa, N. Zaffaroni, D. Gornati, A. Costa & R. Silvestrini

Department of Experimental Oncology C, Istituto Nazionale per lo Studio e la Cura dei Tumori, 20133 Milan, Italy.

Summary The radiation-induced genotoxic damage in three established cell lines and 15 primary cultures of
human malignant melanoma and ovarian carcinoma showing different radiosensitivity was tested by the
cytokinesis-block micronucleus assay. A dose-related increase in micronucleus frequency was observed in all
the cell systems. The mean number of micronuclei per Gy of ionising radiation per binucleated cell was
respectively 0.44 ± 0.0075 and 0.43 ± 0.04 for M14 and JR8 malignant melanoma cell lines and 0.19 ± 0.013
for the A2780 ovarian cancer cell line. The number of micronuclei did not rank the cell lines in the same order
of radiosensitivity as clonogenic cell survival, which showed a surviving fraction at 2 Gy of 0.38 ± 0.02 for
JR8, 0.34 ± 0.05 for M14 and 0.22 ± 0.007 for A2780. As regards primary tumour cultures, no correlation was
observed between micronucleus induction and surviving fraction at 2 Gy. In conclusion, the discrepancy we
observed between micronucleus formation and cell death raises doubts about the potential of the micronucleus
assay as a preclinical means to predict radiosensitivity.

The standard assay for radiosensitivity has been for some
time the in vitro measurement of clonogenic cell survival, and
the surviving fraction at 2 Gy (SF2) is still currently inves-
tigated as an indicator of clinical tumour radioresponsiveness
(West et al., 1989). However, extremely low plating efficiency
and clumping artefacts may severely limit the feasibility of
the clonogenic assay in human tumours (Rockwell, 1985). It
is therefore important to have non-clonogenic assays able to
predict radioresponsivity at a preclinical level.
Owing to its simplicity, rapidity and high feasibility, the

micronucleus (MN) test has been used for the evaluation of
environmental and industrial hazards including ionising
radiation (Midander & Revesz, 1980; Heddle et al., 1983;
Meng & Zhang, 1990). MN arise from chromatin that fails
to be incorporated into nuclei during karyokinesis. Following
chromosome damage and spindle dysfunction caused by
genotoxic factors (Yager et al., 1990; Gantenberg et al., 1991;
Migliore et al., 1991), chromosome fragments or complete
chromosomes behave independently of the remaining
chromosomes during the division of cells and give rise to
MN (Heddle & Carrano, 1977; Kratochvil et al., 1991).

Several investigators have shown a close correlation
between genotoxicity defined as MN formation and radiotox-
icity (assessed by inhibition on colony formation) in normal
and established tumour cell lines (Joshi et al., 1982; Stap &
Aten, 1990; Bakker et al., 1993). However, this direct rela-
tionship has recently been questioned by Bush and McMillan
(1993). Therefore, the potential of the MN test to become a
rapid predictive assay should be further investigated. In par-
ticular, the feasibility and reliability of the MN test should be
directly assessed on primary cultures of human tumours.

In the present study we proposed to investigate the rela-
tionship between clonogenic cell kill and MN formation
induced by radiation. The study was performed on cell lines
and primary cultures of human malignant melanoma and
ovarian carcinoma. Since MN arise only at the time of
mitosis, and the fraction of mitotic cells may be low or not
very high in human tumours, we used the cytokinesis-block
MN test (Fenech & Morley, 1985). This assay allows the
scoring of MN in binucleated cells (BNCs) that have under-
gone mitosis and is considered to be much more efficient,
rapid and less expertise demanding than the conventional
MN test.

Materials and methods

Drug
Cytocalasin B (CB) was dissolved in dimethylsulphoxide and
stored in aliquots at - 80'C at a concentration of 1 mg ml-'.
Freshly thawed stock solution was diluted with Hanks'
balanced salt solution to produce the required concentration.

Cell lines

Human malignant melanoma (M14, JR8) and ovarian car-
cinoma (A2780) cell lines were used. Their biological charac-
teristics have been previously described (Badaracco et al.,
1981; Eva et al., 1982; Zupi et al., 1985). Cell lines were
maintained as a monolayer at 37°C in a 5% carbon dioxide
humidified atmosphere in air, using RPMI-1640 medium sup-
plemented with 10% fetal calf serum, 2 ALM L-glutamine,
0.25 U ml-' insulin (only for A2780), 100 U ml' penicillin
and 100 ,sg ml-' streptomycin.

Primary cultures

Tumour specimens were obtained from 15 patients who
underwent surgery at the National Cancer Institute of Milan.
Samples included three lymph node metastases from malig-
nant melanomas and 12 visceral metastases from ovarian
cancers. Immediately following surgery, the samples were
placed in cold Hanks' balanced salt solution, trimmed of
adipose and necrotic tissue and cut into small fragments.
Melanoma fragments were mechanically disaggregated,
whereas ovarian cancer fragments were enzymatically
digested to obtain a cell suspension, as previously described
(Villa et al., 1992). Cell viability, determined by trypan blue
dye exclusion, ranged from 15% to 90%, with a median
value of 48%.
To obtain primary cultures, 2-5 x 104 viable cells per cm2

were plated in 7 ml of serum-free Dulbecco's modified Eagle
medium and Ham's nutrient mixture F12 (Sigma, St Louis,
MO, USA) in plastic flasks and cultured as reported
elsewhere (Villa et al., 1992). Cultures were maintained in an
incubator (Cytoperm, Hereaus, Hanau, Germany) with 5%
carbon dioxide in air at 37'C and 95% relative humidity. To
confirm the nature of cells grown in flasks, different mono-
clonal antibodies with specificity against melanoma (anti-
S100, Biogenex Laboratories, San Ramon, CA, USA; and
HMB45, Enzo Biochem., New York, NY, USA) and ovarian
cancer cells (anti-CA125, Signet Laboratories, Dedham, MA,
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USA) were used. Antibody binding to cells was evidenced by
the alkaline phosphatase-anti-alkaline phosphatase techni-
que according to Cordell et al. (1984). Samples were reviewed
and scored by a pathologist. All analysed cultures were
highly positive (>75% of cells) for at least one marker.

Irradiation

Exponentially growing established cell lines and primary cul-
tures were harvested with trypsin-EDTA (0.005:0.02), sealed
in tubes and irradiated with a '37Cs gamma irradiator (IBL-
437, Oris, France) at a dose rate of 10 Gy min-'. The
delivered radiation dose was calibrated with a lithium
fluoride dosimeter. The homogeneity or irradiation in the
small irradiated volume was higher than 99%. Irradiation
was carried out at room temperature for both colony and
MN formation experiments.

Micronucleus test

To measure radiation-induced MN, we used the cytokinesis-
block method proposed by Fenech and Morley (1985).
Exponentially growing cells exposed to graded doses
(0.5-4 Gy) of ionising radiation were plated in 17 mm plastic
Petri dishes. Two hours after irradiation, CB diluted in fresh
medium was added to cultures to obtain final concentrations
of 0.5-3 jig ml-'. After 24, 48 and 72 h the cells were tryp-
sinised, chilled in ice, washed with phosphate-buffered saline
(PBS), centrifuged onto coverslips (500 g, 3 min) and air
dried. Cells were fixed with 70% methanol and stained with
3% Giemsa. This procedure resulted in dark-stained nuclei
and MN and very light-stained cytoplasm. Only BNCs, i.e.
cells that have undergone one metaphase, were considered
for the presence of MN. The percentage of BNCs with or
without MN in the total cell population and the total
number of MN in the BNCs were determined using the light
microscope at a magnification of x 1,000. A total of
500-1,000 cells and 300-600 BNCs were assessed per slide.
Slides were analysed by two independent investigators. For
the identification of MN, previous published criteria were
applied (Almassy et al., 1987). Figure 1 shows an example of
irradiated malignant melanoma primary culture with cells
showing a different number of MN. The variability in the
nucleus size in these cells reflects the coexistence of different
tumour subpopulations with peculiar morphological charac-
teristics within individual primary cultures.

Cell survival assay

Established cell lines M 14, JR8 and A2780 cells in exponen-
tial growth were treated with different ionising radiation
doses (0.5-10 Gy) and plated at different concentrations
directly on plastic dishes. Ten to 12 days after seeding,
colonies consisting of 50 or more cells were stained with
methylene blue solution and counted at the light microscope.

Primary cultures Cell survival after radiation treatment was
measured using the Courtenay soft agar colony assay
(Courtenay et al., 1987). The soft agar was prepared from
powdered agar (Bacto agar; Difco, Detroit, MI, USA) and
culture medium. Erythrocytes from August rats were added
before tumour cells were embedded in soft agar, as
previously described (Rofstad, 1981). Aliquots of 1 ml of soft
agar containing the appropriate number of tumour cells were
seeded in plastic tubes (Falcon 2057 tubes; Falcon Labware,
Becton Dickinson, Oxnard, CA, USA). Radiation treatment
(2- 10 Gy) was carried out 3 h after seeding the cells in soft
agar under aerobic conditions. The cells were then incubated
at 37°C for 4-5 weeks in an atmosphere of 5% carbon
dioxide, 5% oxygen and 90% nitrogen. Culture medium
(2 ml) was added to the agar 5 days after seeding and was
changed weekly. Colonies containing more than 50 cells were
counted using a stereomicroscope. Plating efficiency was cal-
culated from the number of colonies counted and the number
of morphologically intact single-seeded cells.

Figure 1 CB-blocked cells of human malignant melanoma
primary cultures expressing a different number of MN induced by
4 Gy irradiation.

For established cell line and primary culture experiments,
the results were expressed as the surviving fraction (SF) of
treated samples compared with control samples. SF values
from cell survival curves were used to calculate the number
of lethal lesions as - In SF.

Flow cytometric analysis
DNA content was measured by flow cytometry on cell
suspensions obtained after a trypsin-EDTA treatment of
established cell lines and primary cultures. Cell samples were
adjusted to approximately 106 cells ml-' and stained with
propidium iodide (50 jig ml-') in PBS containing RNAse
(100 kU ml-') and Nonidet P40 (0.05%). Immediately before
flow cytometric analysis, the suspensions were passed
through a 40 jim filter. A minimum of 30,000 events for each
sample was analysed with a FACScan flow cytometer (Bec-
ton Dickinson). Samples were run in duplicate, and in one of
them human lymphocytes were admixed as an internal stan-
dard before staining. DNA ploidy was defined as DNA index
(DI), i.e. as the ratio between the mean channel number of
the Go/, peak of tumour cells and that of lymphocytes.
Tumours with a DI different from 1 were considered to be
aneuploid.

Results
The percentages of BNCs in human malignant melanoma
(M14 and JR8) and ovarian carcinoma (A2780) cell lines as a
function of the culture time and CB concentration are
reported in Figure 2. In the presence of a fixed CB concen-
tration (2 jLg ml-'), the percentage of BNCs increased with
culture duration and reached the highest value at 72 h in all
cell lines, notwithstanding a growth delay in the M 14 cell line
(Figure 2a). In this cell line, prolongation up to 96 h of
exposure to CB failed to induce a further increase in the
percentage of BNCs (data not shown). However, at such a
time of culture, alterations in cell morphology started to
appear, indicating a cytotoxic effect of long-term CB
exposure. The percentage of BNCs after 72 h was CB dose
dependent up to 2 jlg ml-', and it was superimposable in the
different cell lines (Figure 2b).

In view of these findings in established cell lines, we used a
treatment with 2 ig ml-I CB for 72 h in radiation ex-
periments on cell lines and primary cultures. In untreated
samples, the percentage of BNC ranged from 1% to 7% in
cell lines and primary cultures even in the absence of CB and
from 15% to 60% and from 85% to 90% in primary cultures.
and established cell lines, respectively, in the presence of CB.
In primary cultures exposed to irradiation in the presence of
CB, the percentage of BNC was similar to that observed in
untreated samples and ranged from 13% to 60%.
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In established cell lines, the percentage of BNC with MN
(Figure 3a), as well as the mean number of MN per single
BNC (Figure 3b), progressively increased as a function of
radiation dose. Both the events showed a steeper increase in
malignant melanoma than in the ovarian carcinoma cell lines.
In particular, the mean number of MN per Gy of ionising
radiation was 0.44 ± 0.0075 for M14, 0.43 ± 0.04 for JR8
and 0.19 ± 0.013 for A2780 cells. Similarly, in primary cul-
tures the percentage of BNCs with MN, as well as the mean

number of MN per single BNC, progressively increased as a
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observed in malignant melanomas than in ovarian cancers. In
particular, the mean number of MN per Gy was 0.08 ± 0.01
for ovarian carcinoma and 0.25 ± 0.12 for malignant
melanoma. Moreover, the variability in MN induction for a
given radiation dose (Table I) was low among the different
primary tumour cultures. On the average, ovarian car-
cinomas showed fewer MN than malignant melanomas.
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Figure 2 Yield of BNCs in unirradiated cells (a) at different
culture times in the presence of 2 sg ml-' CB and (b) following
different CB concentrations at a culture period of 72 h. Each
symbol represents the mean and s.e. of 3 -5 independent
experiments. Cell lines: (0) M14, (A) JR8, (U) A2780. s.e.
values <1 are not reported.
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Figure 3 Percentage of BNCs with MN (a) or mean number of
MN per single BNC (b) as a function of radiation dose. Each
symbol represents the mean and s.e. of 3-5 independent
experiments. s.e. values <0.01 are not reported. Data were fitted
using a least-squares linear regression analysis. Cell lines: (X)
M14, (A) JR8, (X) A2780.

Table I Radiation-induced MN and ploidy in primary tumour cultures
Case MN per single BNC DNA
no. 0 Gy 0.5 Gy I Gy 2 Gy 3 Gy 4 Gy index

Ovarian carcinoma
I 0.019 0.044 0.078 0.096 0.133 0.24 0.9 + 1.3 + 3.0
2 0.017 0.07 0.107 0.133 0.185 1.0 + 1.9 + 3.0
3 0.020 0.054 0.094 0.132 0.129 1.5
4 0.006 0.065 0.148 0.42 0.74 1.0 + 1.7
5a 0.014 0.102 0.144 0.15 0.16 0.25 1.0 + 2.2
6a 0.001 0.091 0.098 0.126 0.15 0.191 0.9
7a 0.010 0.046 0.096 0.116 0.157 0.271 1.2 + 2.3
8 0.010 0.02 0.033 0.089 0.128 0.132 1.2
9a 0.008 0.056 0.092 0.102 0.182 1.0 + 1.3 + 2.2
10 0.002 0.02 0.039 0.055 0.052 0.112 1.5 + 2.9
11 0.001 0.053 0.076 0.095 1.2
12 0.003 0.041 0.087 0.102 1.2 + 2.2

Malignant melanoma
13 0.015 0.25 0.48 0.59 1.35 1.79 4.5
14a 0.040 0.083 0.117 0.217 0.3 1.1 + 1.5
15 0.023 0.046 0.117 0.193 0.233 0.41 1.0

'Cases used for comparison between MN and readiosensitivity.
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Figure 4 Clonogenic cell survival curves after irradiation. a, Cell
lines: (@) M14, (A) JR8 and (A) A2780. Samples were run in
triplicate within each experiment, and data points in the figure
represent mean values from three independent experiments; s.e.
values were always within 5%. b, Human tumour primary cul-
tures. Samples were run in quadruplicate, and data points in the
figure represent the mean values from a single experiment; s.e.
values were always within 10%.

In a further step we explored the relationship between the
number of MN per BNC and lethal lesions or SF as
evaluated by the clonogenic assay in established cell lines and
primary cultures. Figure 4a shows the survival curves from
which lethal lesions or SF2 (Figure 4b) were derived. In all
established cell lines (Figure 5a), the number of MN per
BNC was directly related to the number of lethal lesions in
the range of radiation doses used. However, the ratio
between the two biological events was in favour of lethal
lesions in ovarian carcinoma over malignant melanoma cell
lines. In fact, we observed approximately one MN for 1.65
and 1.35 lethal events in M14 and JR8, respectively, com-
pared with 5.3 lethal events for the A2780 cell line. When we
analysed MN induction as a function of clonogenic cell SF,
we found that one MN corresponded to a SF of 0.24, 0.32
and 0.011 for M 14, JR8 and A2780 cell lines respectively
(Figure 5b). A similar analysis was performed on six primary
cultures for which results from the Courtenay clonogenic
assay were available. The SF2 ranged from 0.25 to 0.65. In
this small number of primary cultures, we failed to evidence
any relation beween the two biological events (Figure 6a).
Moreover, lack of a correlation was observed between SF2
and the percentage of BNC with MN (Figure 6b).
Looking for cell characteristics that can affect the type and

degree of relationship between MN formation and lethal
event accumulation after irradiation, we considered DNA
status (Table I). M14 and JR8 melanoma cell lines were
characterised by a high level of aneuploidy, with a DI of 1.87
and 1.92 respectively, whereas the A2780 cell line showed a
lower degree of aneuploidy with a DI of 1.18. Primary
cultures showed different DNA profiles. Specifically, five of
six cases for which the comparison between MN frequency
and SF2 was possible were characterised by one or two
aneuploid clones.

Discussion

The relationship between cell death and frequency of MN
was investigated in established cell lines and primary cultures
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Figure 5 Relationship between lethal lesions and mean number
of MN per BNC (a) or surviving fraction and mean number of
MN per BNC (b) in established cell lines (@) M14, (A) JR8 and
(A) A2780. Experimental data were fitted using linear regression
analysis.

of human ovarian carcinoma and malignant melanoma
treated with ionising radiation in order to define the poten-
tials of MN formation as a predictor of radiosensitivity. To
optimise the test for its applicability to human tumour
primary cultures, which are characterised by a small propor-
tion of cells undergoing mitosis, different aspects including
CB dose and timing of experiments were considered. We
observed in all established cell lines a dependence of BNC
formation on the concentration and the time of CB exposure,
as previously demonstrated by Shibamoto et al. (1991) in a
series of murine and human tumour cell lines of different
histological types. Under the selected experimental condi-
tions, an acceptable number of BNCs for analysis was
obtained from primary cultures of ovarian carcinoma and
malignant melanoma. Since the number of BNCs was higher
than the plating efficiency in the colony-forming assay, it can
be assumed that the information obtained with the MN test
represents the biology of the whole clinical tumour better
than that obtained with the colony-forming assay.
A linear increase in the percentage of BNCs with MN, as

well as in the number of MN per single BNC, by increasing
radiation dose was found in cell lines and in primary cul-
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Figure 6 Relationship between MN frequency (mean number of
MN per single BNC at 2 Gy) and the surviving fraction at 2 Gy
(a) or percentage of BNCs with MN at 2 Gy and the surviving
fraction (b) in primary cultures.

tures, confirming the ability of the MN test to quantitatively
reflect genotoxic damage induced by radiation. In melanoma
cell lines, the percentage of BNCs with MN and the number
of MN per single BNC were remarkedly higher than the
values previously reported for other melanoma cell lines
exposed to the same range of ionising radiation (Shibamoto
et al., 1991), thus indicating an extreme susceptibility of these
cells to MN induction by irradiation.

Contrary to the finding obtained by using the clonogenic
assay, the most radiosensitive cell line, A2780, showed fewer
MN than the melanoma cell lines at any given radiation
dose. Therefore, in our experiments the MN test did not rank
the cell lines in the same order of sensitivity as emerged from
clonogenic cell survival. When MN frequency was directly
related to radiation-induced cell death expressed as lethal
lesions (Figure 5a), a linear correlation was observed in all
three cell lines, but with a different ratio for the cell lines

derived from different human tumours. In particular, the
ratio was in favour of lethal lesions in ovarian carcinoma
over malignant melanoma cell lines. These findings are in
accord with previous results obtained by Bush and McMillan
(1993) on four cell lines of different tumour histologies.
With regard to primary cultures, ovarian carcinoma

showed a lower MN frequency than malignant melanoma at
any given radiation dose and within the dose range studied.
This finding suggests either that ovarian cancers may be
inefficient in completely converting chromosome fragments
into MN or that MN might be expressed in successive
divisions after irradiation. Moreover, we did not find any
correlation between MN frequency and radiation-induced cell
death in terms of SP2. In a previous study on human renal
cell carcinoma primary cultures, Wandl et al. (1989) found a
good linear relationship between clonogenic cell survival and
MN frequency, with an inter-tumour variability of the slopes.
Many factors could account for the lack of a general and

simple relationship between MN frequency and cell survival
in different biological systems. Revell et al. (1983) found in
Syrian hamster cells that any drift away from a pure diploid
DNA content upset the relationship between MN and
inhibited growth. In fact, MN formation in a diploid cell line
was equivalent to the number of lethal lesions. In contrast, a
spontaneous tetraploid variant required an average of two
MN and a hypotetraploid variant required more than two
MN per lethal event (Revell et al., 1983). Since human
tumour cells are often aneuploid, with a variable degree of
aneuploidy and number of aneuploid clones, it is not surpris-
ing that MN and cell kill are not equivalent and unrelated, as
we observed in both our culture systems.
The relation between number of MN and the colony-

forming ability of damaged cells could also depend on the
phase of the cell cycle in which the cells are exposed to
radiation. In fact, when cells are irradiated in post-S-phase,
the formed MN consist of chromatid fragments, so that only
one daughter cell may be affected and the other can still form
a colony. In contrast, when cells are irradiated in GI, any
formed chromosome fragment will cause a genetic loss in
both daughter cells at the first division and compromise the
clonogenic ability of both cells. Thus, since human tumours
have an asynchronous growth and may differ in the distribu-
tion of cells throughout the cycle phases, their peculiar cell
kinetic characteristics could affect the relationship between
MN formation and clonogenic cell survival.

Finally, we have no experimental evidence to conclude
whether the relation between clonogenic cell survival and
MN formation is influenced by the mode of cell death
induced by ionising radiation. In fact, in growing cell popula-
tions mitotic failure and interphase apoptotic death have
both been described (Akagi et al., 1993; Tauchi & Sawada,
1994). This is an important research point currently under
investigation in our laboratories.
On the basis of all this evidence, it appears that the MN

test should not be simply considered an alternative to the
clonogenic assay for predicting radiosensitivity in human
tumour primary cultures.
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