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A population study is reported in which the DNA damage induced by �-radiation (2

Gy) and the kinetics of the subsequent repair were estimated by the comet and

micronucleus assays in isolated lymphocytes of 82 healthy donors and patients with

head and neck cancer before radiotherapy. The parameters of background and radia-

tion-induced DNA damage, rate of repair, and residual non-repaired damage were

measured by comet assay, and the repair kinetics for every donor were com-

puter-fitted to an exponential curve. The level of background DNA damage before ir-

radiation measured by comet assay as well as the level of micronuclei were signifi-

cantly higher in the head and neck cancer patient group than in the healthy donors,

while the parameters of repair were widely scattered in both groups. Cancer patient

group contained significantly more individuals, whose irradiated lymphocytes

showed high DNA damage, low repair rate and high non-repaired DNA damage level.

Lymphocytes of donors belonging to this subgroup showed significantly lower inhibi-

tion of cell cycle after irradiation.
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The exposure of cells to ionizing radiation

results in induction of diverse types of DNA

damage and of repair processes (Breen &

Murphy, 1995; Wojewódzka et al., 1997). The

sensitivity of tumor as well as healthy tissues

is crucial for successful cancer radiotherapy

and depends on cell type (Maciejewski, 1997;

Miyagie et al., 1997; Nascimento et al, 2001),

proliferation and metabolic status (Schmidt-

Ullrich et al., 2000) as well as on intracellular

scavenger concentrations and probably

many other factors (Oleinick et al., 1994; Ol-

ive et al., 1990). The tumor as well as healthy

tissue response to radiotherapy may depend

on the DNA repair potential of the cells. This

potential is probably in high degree deter-

mined genetically and could be estimated in

studies of healthy tissues (Powell & Suit,

2000). Here we compared the differences in

�-radiation-induced DNA damage and its re-

pair in lymphocytes of healthy donors and of

patients bearing tumors, using groups larger

than those previously studied (Palyvoda et

al., 2002) DNA damage was determined by

the single-cell gel electrophoresis and

micronucleus tests (Fairbairn et al., 1995;

Fenech et al., 1993; Olive, 1999). The process

of DNA repair was modeled by exponential

equation and parameters of the curves de-

scribing DNA damage and repair in the pa-

tient and healthy groups were compared by

statistical analyses.

MATERIALS AND METHODS

Lymphocytes and irradiation. Lympho-

cytes were isolated from blood of 44 healthy

donors and, with informed consent, from 38

patients with squamous cell carcinoma of the

head and neck (SCCHN) before conventional

or accelerated radiotherapy at the Oncology

Center in Gliwice (Maciejewski, 1997). The

mean age in patient group was equal to 59

years (range 44–78) and in healthy donors

group was equal to 40 year (range 13–78). The

patient group contained 34 males and 30

smokers, and healthy donors group contained

17 males and 17 smokers. Donors did not dif-

fer significantly in diet.

Peripheral blood was centrifuged in Ficoll-

Histopaque-1077 (Sigma) gradients and the

lymphocytes were washed twice in phos-

phate-buffered saline (PBS) and cultured for

24 h in RPMI 1640 medium (Sigma), supple-

mented with 15% fetal calf serum (ICN).

Lymphocytes suspended in culture medium

(3 � 105 cells/ml), were �-irradiated on ice

using a 60Co beam at 1.14 Gy/min to a total

dose of 2 Gy and then incubated at 37�C.

Aliquots (100 �l, 3 � 104 cells) were taken

for comet assays immediately before irradi-

ation and at 0, 15, 30, 60, 120 and 180 min

after irradiation.

Comet assays. Background and radia-

tion-induced DNA damage were assayed by

the single cell electrophoresis method as de-

scribed by Green (Green et al., 1992); all steps

were performed on ice to prevent repair.

Aliquots of lymphocytes (1.5 � 104 in 50 �l)

suspended in 1% low melting agarose type VII

(Sigma) were placed on microscope slides

(Knittel Glasser) covered with 0.5% agarose

type III (Sigma). The cells were lysed for 60

min in 2.5 M NaCl, 100 mM EDTA, 10 mM

Tris/HCl, pH 7.5, 1% Triton X-100, denatur-

ation was for 20 min in 300 mM NaOH, 1 mM

EDTA, pH 13, and electrophoresis was in the

same buffer for 20 min at 1 V/cm. After elec-

trophoresis the preparations were neutralized

for 5 min in 0.4 M Tris/HCl, pH 7.5, and

stained with ethidium bromide. Comets were

classified by fluorescence microscopy (Carl

Zeiss Axiophot) into 5 categories (A0–A4) ac-

cording to the scale of Collins from category

A0 (nucleoids without detectable damage and

showing no “tail”) to category A4 (totally de-

graded preparations in which comet heads

were poorly seen and tails were highly

spread). The number of comets in each cate-

gory was counted in 100 objects and the mean

level of DNA damage (D) was calculated by the

equation D = A1 + 2A2 + 3A3 + 4A4 (Collins et

al., 1997).
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Micronucleus test. For micronucleus as-

says (Fenech, 1993) heparinized blood was

suspended in 10 volumes of RPMI medium

supplemented with 15% fetal calf serum with

100 u/ml of gentamicin (Polfa, Poland) and 5

ml were placed in glass Petri dishes. Immedi-

ately after irradiation with doses of 2 or 4 Gy

the cells were stimulated with 5 �l/ml of

phytohemagglutinin (Sigma) and incubated at

37�C in a CO2 atmosphere. After 44 h cyto-

chalasin B (Sigma) was added to the medium

to a final concentration of 6 �g/ml and incuba-

tion was continued for 72 h. The cells were col-

lected, fixed in Carnoy’s solution, resuspend-

ed in a small volume of fixative, and dropped

on onto frozen slides and air-dried. Two prepa-

rations were made per sample and the slides

were coded to avoid observer bias. One day

later the slides were stained with 4% Giemsa

in 0.01 M phosphate buffer, pH 6.8, for 8 min,

and stained with May-Grunwald (POCH, Po-

land). The cells were observed under a light

microscope (Carl Zeiss Axiophot) using a �63

planapochromatic objective. A minimum of

200 binucleate cells with well-preserved cyto-

plasm was scored from each slide for the pres-

ence of micronuclei (MN), identified accord-

ing to the criteria of Fenech (1993). To pro-

vide data regarding proliferation kinetics, the

frequencies of mono-, bi-, tri- and tetra-

nucleate cells were determined. The nuclear

division index (NDI) was calculated according

to the formula NDI = (1 � N1) + (2 � N2) + (4

� N>2)/n (Keshava et al., 1996) where N1, N2

and N>2 represent the number of lymphocytes

with one, two or more than two nuclei respec-

tively and n the total number of cells scored.

Statistical analyses. Statistical signifi-

cance was calculated by two-sided, unpaired

Student’s t-test. Hypothesis on equality of

means of independent normal random vari-

ables were verified with the use of Student’s

t-test. Testing normality of distributions was

based on �2, G, Smirnov-Kolmogorov, and

Shapiro-Wilk statistics. In the case of devia-

tions from normal distribution, simple com-

parison between groups was done with the use

of Mann-Whitney U-test and Kruskal-Wallis

ANOVA rank model. The analysis was per-

formed with the help of Matlab, Prizm 3.0 and

S-PLUS software (Elston & Johnston, 1994).

RESULTS

Background DNA damage in lymphocytes

The background level of DNA single-strand

breaks in non-irradiated lymphocytes from

both healthy and tumor-bearing donors was

highly variable, ranging from close to zero to

300 arbitrary units (75% of the maximum

value, see Materials and Methods). In the

group of patients the median background was

90.3 (lower quartile q25% 45.3 upper quartile

q75% 117.2) compared with a value of 33.3

(lower quartile q25% 16.1, upper quartile q75%

59.6) in the group of healthy donors.

The distribution of the level of background

damage in each group was assessed by calcu-

lating the percentage of the total number of in-

dividuals with background damage higher or

lower than the median value for the healthy

group; these subgroups were termed the

“high” and “low” background damage sub-

groups, respectively and by definition 50% of

the members of the healthy donor group were

thus in the “high” subgroup. In contrast,

81.8% (26 persons) from the patients were in

the “high” background damage subgroup (Fig.

1A). The number of individuals in the “high”

and “low” background damage subgroups

were significantly different in the healthy and

patient groups (P = 0.0126).

The same difference between healthy donors

and patient groups was observed when the

level of spontaneous micronuclei was as-

sessed in lymphocytes: the cancer patients

showed a significantly higher level of

micronuclei in non-irradiated lymphocytes

than healthy donors (P = 0.0034 by the

Mann-Whitney U test, Fig. 2).
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DNA repair in lymphocytes of individual do-

nors

Examples of the kinetics of DNA repair in

lymphocytes (Fig. 3) illustrate the consider-

able variation between individuals, as ob-

served previously (Palyvoda et al., 2002). For

example, healthy donor #39 showed high

background DNA damage, relatively slow re-

pair, and high non-repaired damage, patient

#6 showed even higher background damage

but fast and efficient repair, and patient #17

and healthy donor #32 showed rather low

background DNA damage but different rates

and efficiency of repair.

The experimental data for different individu-

als, with a few exceptions discussed below,

could be fitted to the exponential equation:

D t a e c

t

( ) � � �

�

�

by the numerical (Gauss-Newton) nonlinear

least squares procedure, where a is the radia-

tion-induced damage at time zero, D(t) the

DNA damage at time t, � the time constant in-

versely related to the rate of repair, and c the

residual non-repaired damage calculated by

extrapolation (Kapiszewska et al., 1994;

Wojewódzka et al., 1997; Palyvoda et al.,

2002). The value of parameter c returned very

close to the background level of DNA damage

observed before irradiation in lymphocytes of

healthy donors, but in lymphocytes of tumor

patients it frequently differed. The kinetics of

repair for 3 healthy donors and 5 patients

could not be fitted to the above equation and

these data were excluded from the following

statistical analyses. Repair curve obtained for

patient #20 (Fig. 3) is example of these atypi-

cal curves. Multivariate statistical analysis in

which the distributions of all repair parame-

ters were compared in healthy donor and pa-

tient groups showed significant differences

between both groups (MANOVA P = 0.00686).

In univariate analysis in which the distribu-

tions of single parameters were compared in

both groups (Mann-Whitney U test) we found

a significant difference in damage induced by

irradiation between patients and healthy do-

nors.

Subgroups differing in parameters of DNA

repair

The kinetics of DNA repair were compared

in the subgroups whose lymphocytes showed
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Figure 1. Numbers of healthy donors and patients with A, “low” or “high” background DNA damage or B,

with “slow” or “fast” DNA repair as defined in the text.

Figure 2. Frequency of spontaneous micronuclei

in lymphocytes of healthy donors and cancer pa-

tients.



“high” or “low” background DNA damage (see

above) using comparative statistical analysis.

In patients, both subgroups showed similar

median values of � representing the rate of re-

pair, but the median value of parameter c

(non-repaired DNA damage) differed signifi-

cantly from that in healthy donors

(P = 0.0353) (Table 1). In healthy donors there

were no significant differences in repair kinet-

ics between these subgroups.

The distribution of individuals with “fast” or

“slow” DNA repair in each group was assessed

in a similar manner as that described above

for the subgroups with high or low back-

ground DNA damage. The proportion of indi-

viduals in the “fast” and “slow” repair sub-

groups did not differ significantly between the

healthy donor and patient groups (P = 0.1807,

Table 2), but significant differences between

the groups were revealed by multivariate sta-

tistical analysis (P = 0.0450). The “fast” repair

subgroup of healthy donors showed a signifi-

cantly lower average background DNA dam-

age than that of patients (medians 26.61 and

83.33, respectively; P = 0.0057) although they

presented the same level of induced and resid-

ual non-repaired damage. The “slow” repair

patients had a significantly higher level of

DNA damage after irradiation than the

healthy donors (P = 0.0253) (medians 314.00

and 303.02, respectively; P = 0.0079). The val-

ues and representative curves are shown in

Table 2 and Fig. 4.

To search for features which could better dis-

tinguish the healthy donor and tumor patient

groups, we created a subgroup termed the “all
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lymphocytes of individual healthy donors and of

patients bearing head and neck tumors.



high” subgroup which was characterized by

values higher than the median for background

damage, induced DNA damage, parameter re-

flecting a slow rate of DNA repair, and resid-

ual non-repaired damage. The patient group

contained a significantly higher proportion of

individuals in this subgroup (Table 3). The

lymphocytes of donors belonging to “all high”

subgroup did not differ from lymphocytes of

other donors in induction of micronuclei, but

showed significantly lower inhibition of prolif-

eration after � irradiation (Table 4 and Fig. 5).

DISCUSSION

Interaction of genotoxic agents with DNA in

a population of cells is a stochastic process

(Powell & Suit, 2000; Olive, 1999) and in stud-

ies on radiation sensitivity one often has to

use a population of cells that are not uniform,

for example tumor cells or lymphocytes from

human donors or animals. The comet assay

used here has the advantage of allowing obser-

vation of DNA strand breaks induced by

genotoxic agents or ionizing radiation in indi-

vidual cells, which can be classified according

to the level of DNA damage and also provide

data on the entire population of cells. By ana-

lyzing comet assay results with the help of

simple mathematical formula, we were able to

detect significant differences between healthy

donors and patients with head and neck can-

cer. Lymphocytes of patients differed from

those of healthy donors both in their back-

ground DNA damage and in their response to
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Table 1. Parameters of DNA repair in subgroups with low or high background DNA damage

Table 2. Parameters of DNA repair in subgroups showing fast or slow repair

Table 3. Numbers of representatives of “All High” group in all donors, healthy donors and cancer pa-
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radiation. The experimental data on the kinet-

ics of DNA repair in irradiated lymphocytes

were fitted to exponential curves whose pa-

rameters were calculated for every individual

to allow quantitative comparisons. Only about

10% of donors from both the healthy and tu-

mor patient groups could not be described by

this model, for reasons which we do not yet

understand. Statistical analyses showed sig-

nificant differences between the two groups,

although the parameters describing the kinet-

ics of DNA repair were broadly distributed in

both groups as noted previously in lympho-

cytes and other tissues (Palyvoda et al., 2002;

Miyagi et al., 1997).

Average background DNA damage in lym-

phocytes was significantly higher in the tu-

mor patient group, and was higher than the

healthy donors median value in a significantly

greater number of members. Following irradi-

ation, lymphocytes of tumor patients showed

higher DNA damage, slower repair, and

higher residual un-repaired damage than

those of healthy donors. These differences

could be due to variable genetic backgrounds,

such as polymorphism of genes coding for re-

pair. Sturgis and coworkers in the series of ex-

periments showed that polymorphism and the

level of expression of nucleotide excision re-

pair genes was related to increased risk of

head and neck cancers (Sturgis et al., 2000;

2002; Cheng et al., 2002). Differences in the

efficiency of nucleotide excision repair could

influence the repair of oxidative damage in-

duced by irradiation. During repair of this

type of DNA damage additional single strand

breaks are generated by excision mecha-

nisms. The appearance of such breaks may in-
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Table 4. Comparison of subgroup „All High”

(N2) with other donors (N1)

Figure 4. Median DNA repair curves in subgroups with high or low background DNA damage or with fast

or slow repair.



fluence the shape of DNA repair curves ob-

tained by comet assay. The differences in

DNA repair between healthy donors and pa-

tients groups could also result from differ-

ences in lymphocyte subtypes present in

blood. We believe that different responses of

B- and T-lymphocyte subpopulations to �-radi-

ation (Wuttke et al., 1993; Louagie et al.,

1998) is unlikely to influence our conclusions

because B lymphocytes did not exceed 5% of

the total in the preparations used here.

Healthy donors with “high” and “low” back-

ground DNA damage in lymphocytes did not

differ significantly in their median repair

curves, suggesting that the lower background

DNA damage in this group results from fac-

tors other than a higher repair capacity. In

contrast, in the patient group the median re-

pair curves of “high” and “low” background

donors were significantly different, consis-

tent with the idea that their repair capacity is

more heterogeneous possibly due to genetic

polymorphism.

We are aware that two caveats remain in the

interpretation of these experiments. First, the

two groups compared were not matched with

respect to other parameters, for reasons of

the unavailability of appropriate donors. In

separate series of analysis not shown in this

paper we compared the distributions of repair

parameters in subgroups of healthy donors

differing with gender, age and smoking sta-

tus. In these analysis we did not find signifi-

cant differences among such subgroups. Sec-

ond, the differences between healthy donors

and patients could be either a cause or an ef-

fect of tumor growth; individuals with a

higher background level of DNA damage and

slower repair may be predisposed to develop-

ing cancer, or the characteristics of their lym-

phocyte population may change during the

oncogenic process. Further studies are

needed to answer these questions. Our results

nevertheless suggest that the comet assay

may be applicable to predict certain reactions

of patients to radiotherapy and that further

work in this direction could be fruitful.
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