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Introduction

Chromosomes are permanently exposed to deleterious factors such 
as ionizing radiation, and are continuously injured. However, 
their recovery mechanisms repair such injuries and return them 

to their prime status. As people have different characteristics, their po-
tentials of genomic repair are also different [1]; it means that for instance 
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ABSTRACT
Background: Cytogenetic tests are usually used for diagnosing predisposed indi-
viduals to cancer by determining their lymphocyte radiosensitivity.
Objective: To determine the potential role of radiosensitivity in predisposition of 
prostate cancer by comparing lymphocyte radiosensitivity of prostate cancer patients 
with healthy donors.
Materials and Methods: In this experimental study, the blood samples of 10 
prostate cancer patients and 10 healthy donors were irradiated to 0.25, 0.5, 1, 2, 4 and 
6 Gy ionizing radiation produced by a 6MV Linac. One sample of each group receiv-
ing no radiation was regarded as the background. The micronuclei (MN) and chemical 
premature chromosome condensation (PCC) cytogenetic tests were performed on all 
samples and the numbers of MN and PCC rings were scored. Dose-response curves 
were plotted for both healthy and cancerous groups with two tests.
Results: There was a significant difference between the numbers of MN within 
each group due to different levels of radiation doses. There was also a significant dif-
ference between the two groups in all identical doses, with the exception of 6 Gy. The 
chemical PCC test indicated a significant difference between the scored PCC rings in 
each group at doses higher than 0.25 Gy. However, no differences were noted between 
the healthy donors and prostate cancer patients receiving the same level of doses. 
Conclusion: MN test can be considered as a reliable indicator of predisposition 
of prostate cancer. On the other hand, the chemical PCC test could not differentiate 
between healthy donors and prostate cancer patients at the dose range examined in 
this study.
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the same chromosome aberration may occur in 
two cases, but their repair result may be differ-
ent. For example, the repair process could be 
complete and authentic in one case, and wrong 
and imperfect in another case [2]. Since each 
change in genomic content might lead to a de-
fect in cell normal activities and even result-
ing in cancer, it could be expected that the less 
capability of repairing chromosomes leads to 
a higher risk for the induction of cancer [3]. 
Impossibility of proper repairing of chromo-
somes could be detected by increased radio-
sensitivity. For instance, patients with specific 
syndromes such as Ataxia-Telangectasia who 
have problem repairing chromosomes, have 
an increased radiosensitivity and are predis-
posed to cancers [4, 5].

Different factors affect cancer risk; the most 
important of such factors are genetic and exter-
nal factors. As a matter of fact, external factors 
which could lead to cancers, also act through 
genomic damages. Therefore, genetic investi-
gation on individuals could reveal the effects 
of all risk factors. One way of genetic assess-
ment in people is done by determining their 
chromosomes radiosensitivity through cyto-
genetic tests. In some cancers such as breast 
cancer, it can be shown that most patients have 
increased radiosensitivity compared to normal 
individuals [6].

In the early 1990s, some studies [7-11] have 
been conducted to investigate the possibility 
of cancer prediction in individuals based on 
the frequency of chromosomal aberrations in 
peripheral blood lymphocytes. In these stud-
ies, the chromosomal aberrations of normal 
individuals have been registered and followed 
for some years later and their results indicat-
ed a relation between the risk of cancer and 
chromosomal aberrations. Other studies were 
also performed in this field to compare healthy 
people with cancerous ones from radiosensi-
tivity point of view using cytogenetic tests and 
determining whether these tests could be used 
as a predicting factor of cancers or not. Cyto-
genetic tests used in these studies include MN, 

dicentric, comet assay and FISH technique  
performed at G0 or G2 phases of cell cycle and 
on many kinds of cancers especially breast 
cancer [12-28]. 

In some studies, no differences have been re-
ported in the background aberrations between 
healthy individuals and cancerous patients. 
However, significant differences have been 
recognized in the aberrations after irradiation 
[29]. Another remarkable point noted from 
some studies is that radiosensitive cancerous 
patients recognized by using various cytoge-
netic tests at different cell cycle phases are dif-
ferent from each other [29]. This means that 
detecting chromosomal aberrations by differ-
ent tests and cell cycle phases have probably 
different mechanisms, and each test can show 
specific endpoints.

Borgmann et al., [13] used dicentric test for 
the comparison of healthy individuals and 
prostate cancer patients after irradiation of 
their lymphocytes in G0 and G2 phases. Their 
results showed that there was no significant 
difference between the two groups in G0 un-
like G2 phase which demonstrated a signifi-
cant difference.

Considering other researches registering dif-
ferences between healthy individuals and can-
cerous patients using MN assay in G0 phase, 
Borgmann et al., declared that it was possible 
that the mechanism of identifying chromo-
somal aberrations was different in dicentric 
and MN assays or the radiosensitivity of lym-
phocytes in various cancers as being different 
[13].

Since prostate cancer is one of the most oc-
curring cancers in men and regarding the im-
portance of early diagnosis of this disease in 
its definite treatment, and based on Borgmann 
et al., results, in this study the MN assay was 
performed for comparing healthy individu-
als with prostate cancer patients. In addition, 
considering the chemical PCC test to show 
more aberration than dicentric test, the chemi-
cal PCC test was used simultaneously to in-
vestigate the possibility of using this test for 
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the comparison of radiosensitivity of the two 
groups.

Material and Methods

Selection of patients and normal 
cases

In this experimental study, ten new cases 
were selected from prostate cancer patients re-
ferred to a general hospital (Pars) in Tehran, 
Iran based on their prostate pathology result. 
The average age of the patients was 68 (51-
70) and all were in the stage 2 of prostate can-
cer.  They had a Gleason score between 3 to 6 
and PSA (Prostatic Specific Antigen) from 5.3 
to 12. Ten normal cases were selected with a 
mean age of 58 (57-70). None of the patients 
and normal cases had any background of other 
cancers, chemotherapy, radiotherapy, hormone 
therapy, occupational irradiation and smoking.

Sample Preparation
7 ml of blood was obtained by venipuncture 

using heparinized syringe from each person 
and divided into 14 microtubes. 6 pairs of the 
microtubes of each person were irradiated to 
0.25, 0.5, 1, 2, 4 and 6 Gy doses delivered by 
a 6 MV Siemens PRIMUS Linac. One pair of 
the samples of each person received no radia-
tion for determining chromosomal aberrations 
background. The microtubes were transferred 
to a cytogenetic laboratory in a special imped-
ing container during utmost 30 minutes. Then, 
each sample was added to 4.5 ml RPMI-1640 
supplemented with 1% penicillin-streptomy-
cin plus 0.6 ml of foetal calf serum (FCS), L-
Glutamine. Enough amount of PHA was add-
ed to each tube, to reach a final concentration 
of 20 μg/mL. Finally, they were incubated at 
37°C (5% CO2, 95% humidity).

MN Assay
24 hours after adding PHA, cytochalasin B 

was added to the samples chosen for the MN 
assay to have a final concentration of 6 μg/mL 
of it in each sample for preventing cytokine-

sis. 72 hours after adding PHA, the cultured 
cells were centrifuged at 180 g for 7 minutes 
and their supernatant was removed and 7 ml 
of 0.075M KCl (4°C) was added to them (for 
the lysis of red blood cells). Afterwards, the 
cells were centrifuged and fixed in a mixture 
of methanol and acetic acid (6:1) after remov-
ing the supernatant. Then, the cells were cen-
trifuged and washed with the fixative 3 times 
more. Finally, the fixed cells were dropped on 
precleaned slides and stained with 7% Giemsa 
solution for 15 minutes. During the investiga-
tion of MN slides, the cells with 1, 2, 3, 4 or 
more nuclei were counted and labelled as M1, 
M2, M3, M4 and so on. Afterwards, the nucle-
ar division index (NDI) was calculated from 
the following equation:

NDI=(M1+2M2+3M3+4M4)/N 
in which N is the total cells scored.
Micronuclei were counted in 1000 binucle-

ated cells by using the criteria mentioned by 
Fenech et al, [30].

Chemical PCC Test
46 hours after adding PHA, colcemide was 

added to the cultures to have a concentration 
of 40 ng/mL. One hour later, calyculin A was 
added to each culture to have a final concentra-
tion of 30 nM. One hour after adding calyculin 
A, and centrifuging and removing supernatant, 
the cultured cells were treated with 0.075M 
KCl (reaching to a volume of 6 cc) and kept 
at 37°C for a period of 10 minutes. Then, they 
were fixed four times with a fixative (metha-
nol: acetic acid 3:1) and centrifuged subse-
quently each time. At last, the fixed cells were 
dropped onto precleaned slides and stained 
with 7% Giemsa solution for 15 minutes.

Statistical Considerations
Kruskal-Wallis non-parametric ANOVA and 

Mann-Whitney tests were used to analyze the 
relationship between the chromosomal aber-
rations and radiation doses in each group and 
also for the comparison of aberrations at iden-
tical doses between every two groups.

Lymphocyte Radiosensitivity of Prostate Cancer

413



J Biomed Phys Eng 2020; 10(4)

Golfam F., et al

Results

MN Assay
Results of MN tests for the two groups of 

healthy individuals and prostate cancer pa-
tients are summarized in Tables 1 and 2.

The linear-quadratic equations obtained for 
the healthy individuals and prostate cancer pa-
tients were y = 0.0216 x2 + 0.0901 x + 0.033 
(R2 = 0.9992) and y = 0.0113 x2 + 0.1511 x + 
0.0452 (R2 = 0.9967), respectively.

Even though the previous studies have indi-
cated that the dose-response curves of micro-
nuclei are linear-quadratic [31], the Chi-square 
test was also used to make sure of the good 
curve fitness. The χ2 and p parameters for the 
healthy group were 3.446 and 0.632 and for 
the prostate cancer patients 3.369 and 0.643, 
respectively showing that the linear-quadratic 
curve fitting is proper and also micronuclei 
distribution is in concordance with Poisson 
distribution. The σ2/μ and u parameters noted 
in Tables 1 and 2 were calculated for the com-
parison of the data distribution with Poisson 
distribution. The distribution of MN in binu-
cleated cells (BC), with reference to the vari-
ance/mean per each radiation dose conforms 
to Poisson distribution. The mean amount 
of the MN/BC increases when the doses rise 

from 0 to 6 Gy. There are significant differ-
ences of the MN/BC among all doses within 
each group (P<0.05). These significant differ-
ences were also proved with the LSD (least 
significant difference) test.

Comparing the identical radiation doses of 
the two groups indicated that at some level 
of doses the data were not independent (P 
value=0.222). Thus, for recognizing identical 
doses in the two groups having significant dif-
ference with each other, the P value was cal-
culated for each level of doses separately. The 
calculated P for the doses of 0, 0.25, 0.5, 1, 2, 
4 and 6 Gy were 0.033, 0.002, 0.016, 0.001, 
0.041, 0.034, 0.821, respectively. This shows 
that except for the 6 Gy, there is a significant 
difference between the yield of MN (MN/BC) 
at identical radiation doses between the healthy 
individuals and prostate cancer patients.

The histogram chart of the micronuclei 
yields for the healthy individuals and prostate 
cancer patients has been illustrated in Figure 
1.

Nuclear Division Index (NDI)
The calculated values of NDI of the two 

groups are presented in Table 3.
Comparison of the NDI at identical doses 

showed a significant difference between the 

Cancer

Dose
(Gy)

Total
MN Yield

Micronuclei distribution
u σ2/μ SE CI (95%)

0 1 2 3 4 5 6
0 283 0.0283 9737 243 20 0 0 0 0 2.521 1.111 0.0027 0.0222-0.0343

0.25 712 0.0712 9354 585 56 5 0 0 0 2.787 1.124 0.0058 0.0581-0.0842
0.5 1528 0.1528 8861 854 194 78 13 0 0 9.522 1.425 0.0190 0.1097-0.1959
1 2394 0.2394 8240 1302 302 136 20 0 0 9.691 1.433 0.0154 0.2046-0.2741
2 3470 0.3470 7317 2134 384 132 43 0 0 5.904 1.264 0.0168 0.3090-0.3849
4 8481 0.8481 4633 3175 1549 409 210 27 1 3.709 1.166 0.0324 0.7748-0.9214
6 13543 1.3543 2176 3896 2684 833 299 88 24 -3.154 0.859 0.0512 1.2384-1.4702

u: Normalized unit of dispersion index, σ2/μ: Dispersion index, SE: Standard error, CI: Confidence Interval

Table 1: Analysis of the data related to the MN in prostate cancer patients
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Cancer

Dose
(Gy)

Total
MN Yield

Micronuclei distribution
u σ2/μ SE CI

(95%)0 1 2 3 4 5 6
0 204 0.0204 9806 184 10 0 0 0 0 1.718 1.075 0.0021 0.0156-0.0252

0.25 447 0.0447 9624 308 65 3 0 0 0 5.955 1.264 0.0033 0.0371-0.0523
0.5 983 0.0983 9252 546 169 33 0 0 0 9.904 1.441 0.0049 0.0872-0.1094
1 1652 0.1652 8708 999 235 49 9 0 0 7.739 1.345 0.0061 0.1513-0.1791
2 2963 0.2963 7704 1792 362 121 21 0 0 5.679 1.254 0.0185 0.2543-0.3383
4 7270 0.7270 4996 3214 1428 248 114 0 0 1.038 1.046 0.0459 0.6231-0.8309
6 13570 1.3570 1765 4098 3261 589 259 21 7 -7.813 0.651 0.0520 1.2393-1.4747

u: Normalized unit of dispersion index, σ2/μ: Dispersion index, SE: Standard error, CI: Confidence Interval

Table 2: Analysis of the data related to the MN in the healthy individuals

                       Dose (Gy)
   Cases

0 0.25 0.5 1 2 4 6

Cancerous 1.63 1.63 1.59 1.44 1.36 1.30 1.23
Normal 1.62 1.62 1.64 1.46 1.40 1.32 1.26

Table 3: The calculated NDI in the healthy (Normal) individuals and prostate cancer patients

Figure 1: Comparison of the MN/BC for the healthy individuals (Normal) and prostate cancer 
patients (the stars indicate significant differences)
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Dose 
(Gy)

Total 
Ring PCC Rings per Cell SE

0 0 0 0
0.25 0 0 0
0.5 0 0 0
1 15 0.0075 0.00011
2 33 0.0165 0.00015
4 139 0.0695 0.00027
6 321 0.1605 0.00033

SE: Standard Error

Dose 
(Gy)

Total 
Ring PCC Rings per Cell SE

0 0 0 0
0.25 0 0 0
0.5 4 0.0020 0.00008
1 15 0.0075 0.00008
2 38 0.0190 0.00018
4 135 0.0675 0.00023
6 313 0.1565 0.00043

SE: Standard Error

Table 4: Summary of the PCC rings data in 
the healthy individuals

Table 5: Summary of the PCC rings data in 
the cancerous patients

Figure 2: Comparison of the PCC rings yields 
between the healthy (Normal) individuals 
and prostate cancer patients at different ra-
diation doses  

two groups (P<0.05) only at 0.5 and 6 Gy 
doses. Investigation of NDI within each group 
indicated significant differences for the doses 
from 0.5 to 6 Gy in healthy individuals and 
from 0.25 to 6 Gy in cancerous patients.

Chemical PCC Test
Frequency and distribution of PCC rings 

in irradiated lymphocytes at different radia-
tion doses are presented in Tables 4 and 5 for 
the healthy and cancerous groups. The tables 
include the yields of aberrations (PCC rings/
cell), standard error and mean of the rings at 

each radiation dose level.
The PCC rings yields of the healthy individ-

uals and prostate cancer patients at different 
doses are compared in Figure 2.

The linear-quadratic equation obtained 
by applying the regression method on the 
healthy individuals and cancerous patients 
were Y = 0.0046D2 - 0.008D + 0.0004 and 
Y = 0.0043D2 + 4E - 05D + 0.0008, respec-
tively (R2 = 0.999).

Comparison of PCC rings at different radia-
tion dose levels indicated a significant differ-
ence between the doses of 0.5, 1, 2, 4 and 6 Gy 
within each group. Meanwhile, comparison of 
the PCC rings at different identical radiation 
dose levels between the two groups showed 
no significant differences between the rings 
yields of the healthy individuals and prostate 
cancer patients at any doses. The P values for 
the doses investigated in this study (from 0 to 
6 Gy) ranged from 0.14 to 1.

Discussion
Cancer treatment imposes heavy costs on so-

cieties, and the incidence of cancers increases 
every year. Some cancers could be completely 
cured if diagnosed at primary steps and early 
stages. Therefore, early diagnosis of such ma-
lignancies could be life saving for many pa-
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tients. Nowadays, physicians try to diagnose 
such cancers with screening tests and physical 
examinations as soon as possible. In this re-
gard, cytogenetic tests are applied to find the 
ones who are predisposed to cancers. There-
after, performing more specific and frequent 
tests on cases predisposed to cancer could be 
useful to increase the possibility of cancer di-
agnosis at early steps and stages. 

Despite the high incidence and mortality 
of prostate cancer, cytogenetic tests have not 
been applied adequately to assess whether they 
can discriminate healthy individuals from pre-
disposed ones or not. Some cytogenetic tests 
such as the MN assay are affected by interven-
tional factors such as sex. But, in our study the 
sexuality had no effect on the results, as all the 
individuals were either healthy men or those 
having prostate cancer. The selection of indi-
viduals between ages of 50 to 70 also omitted 
the effect of age on the results [31, 32].

In many studies, higher levels of radiosen-
sitivity in cancerous patients comparing with 
normal individuals have been characterized by 
using cytogenetic tests. The majority of such 
tests have been done with the MN and dicentric 
assays wherein an ability to separate healthy 
individuals from cancerous patients has been 
observed in many experiments [15-18, 20, 21, 
27]. Thus the MN assay was selected in this 
study. In addition, since the chemical PCC 
test has not yet been performed for comparing 
healthy and cancerous cases and no informa-
tion about its efficiency in this regard has been 
reported, and specific effects of ionizing radia-
tion on ring construction are reported [31], this 
test was selected and used simultaneously on 
our cases. Review of previous studies shows 
that the comparisons of healthy and cancer-
ous cases from radiosensitivity point of view 
have been done just for one or two levels of 
radiation doses. Therefore, in our study 7 ra-
diation doses were investigated to facilitate 
the comparison of dose-response curves in the 
two groups and also to determine the optimum 
dose in which the best discrimination between 

the groups can be demonstrated.
One of the most important studies done for 

comparing healthy individuals with prostate 
cancer patients from the raddiosensitivity point 
of view is that of Borgmann et al, [13]. They 
claimed that healthy and prostate cancer cases 
demonstrate no difference from radiosensitiv-
ity point of view based on the dicentric test 
and G0 phase, while they reported a significant 
difference based on G2 phase. They came to 
this conclusion that the endpoints of the dicen-
tric test might differ from MN assay consider-
ing other researchers showing differences be-
tween cancerous patients (other than prostate) 
and healthy individuals by using the MN test. 
Furthermore, they said that these endpoints 
might be different for various cancers. Our 
study was implemented to assess the radiosen-
sitivity of healthy and prostate cancer cases by 
using the two cytogenetic tests including the 
MN assay and chemical PCC to characterize 
whether the amount of micronuclei or PCC 
rings after irradiation of the lymphocytes can 
help to separate the healthy individuals from 
cancerous patients. In other words, we tried 
to investigate whether the MN or PCC rings 
could be regarded as an indicator for the end-
points related to prostate cancer or not.

The analysis of the results revealed that the 
MN assay at doses from 0 to 4 Gy indicates 
significant differences between the yields of 
micronuclei (MN/BC) of the two groups at 
identical doses. However, at 6 Gy no such dif-
ference was detected. The most notable dif-
ference was observed at 1 Gy (P=0.001). It is 
necessary to emphasize that Borgmann et al., 
performed their G0 experiment at only 2 dose 
levels of 0 and 6 Gy. There was a significant 
difference between the MN yields at all of the 
radiation doses within each group in our study. 
If we were able to use FISH (Fluorescence In 
Situ Hybridization) technique for staining the 
MN slides, we could have scored the micronu-
clei with and without centromere from which 
scoring such micronuclei separately and their 
proportion might have helped to discriminate 
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the healthy individuals and prostate cancer 
patients more accurately [33]. Regarding the 
NDI, this index is useful for cell cycle kinetic 
investigation and is an indicator for determin-
ing the defects that occur in cells after the mu-
tagens like ionizing radiation. In this research, 
the NDI decreased significantly as the dose 
increased from 0.5 to 6 within healthy group 
and from 0.25 to 6 within cancerous group. 
The NDI in prostate cancer group was less 
than healthy ones at identical doses ranged 
from 0.5 to 6 Gy, but only at 0.5 and 6 Gy 
their differences were significant. Whereas the 
NDI is utilized for investigating the develop-
ment of cell cycle after mitosis induction, its 
difference between the two groups indicates 
more injuries in cancer cells due to irradiation 
[32-34].

Considering the chemical PCC test, there 
was no significant difference of the PCC rings 
yields (PCC rings/cell) between the healthy 
individuals and prostate cancer patients at 
identical radiation doses. However, there were 
significant differences among the PCC rings 
yields at different doses ranging from 0.5 to 
6 Gy within each group. Theoretically, con-
sidering the result of applying calyculin A that 
condenses chromosomes at any phases of cell 
cycle and makes them recognizable, we ex-
pect to see more chromosome aberrations in 
the chemical PCC comparing with dicentric 
assay [35, 36]. In case of viewing more chro-
mosome aberrations, we expect the possibility 
of discrimination of healthy individual lym-
phocytes from cancerous patients to increase 
because of more susceptibility of cancerous 
patients to radiation. With reference to the ring 
construction mechanism in chromosomal inju-
ry, no ring will be expected to be seen at doses 
less than 1 Gy. Detecting no difference be-
tween the PCC rings yields of the healthy and 
prostate cancer cases can confirm Borgmann 
et al., [13] consideration about endpoints. This 
means that the genomic problems of prostate 
cancer patients do not show themselves in the 
form of rings in the chemical PCC test, as they 

did not show themselves in dicentric test in 
Borgmann et al., [13] experiment. Instead of 
using giemsa, the PCC test could be done with 
the FISH method to stain the slides to pro-
vide the possibility of scoring dicentrics and 
other fragments [37-39]. In such a situation, 
scoring aberrations other than rings and their 
compositions may lead to find better criteria 
to discriminate healthy individuals from pros-
tate cancer patients like MN method. Further-
more, as the PCC test can be applied at higher 
radiation doses, it can be suggested that this 
test is applied for the separation of healthy 
and cancerous cases at doses higher than 6 Gy 
[35-40]. It is also possible that impairing or 
destroying chromosome repair mechanisms 
of cells at higher radiation doses could lead to 
differentiate between healthy and cancerous 
individuals [41].

Conclusion
Our results indicated that, while the MN test 

can be considered as a reliable indicator of 
predisposition of prostate cancer, the chemi-
cal PCC test could not differentiate between 
healthy donors and prostate cancer patients 
at the dose range examined in this study. It is 
therefore recommended the using the chemical 
PCC test at higher dose levels is investigated 
to find out whether it has any advantage over 
the MN test as an indicator of predisposition 
of prostate cancer patients or not, examined in 
this study.
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