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Quantitation of genome damage and transcriptional 
profile of DNA damage response genes in human 

peripheral blood mononuclear cells exposed in vitro 
to low doses of neutron radiation 

INTRODUCTION 

 Ionizing radiation (IR) induces a variety of 
DNA lesions in human cells depending upon the 
type and quality of radiation. High LET radiation 
exposure induces more complex damages,                 
including double-strand breaks (DSB) and            
clustered DNA damages (1). At high-dose                     
exposures, it has been unequivocally                    

demonstrated that IR may lead to deleterious 
effects in human cells. IR induced DNA damage 
response may accumulate increased frequencies 
of chromosome aberrations, micronuclei                   
formation and mutations in human cells. As a 
consequence, cells might activate various                
cellular and molecular processes such as                  
activation of DNA damage response (DDR), DNA 
repair pathways, cell cycle check points and 
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ABSTRACT 

Background: Humans are exposed to ionizing radiation from different sources that 
include natural, occupational, medical, accidental exposures. Evaluation of the 
effect of low level of neutron exposure to human cells in vitro has important 
implications to human health. Attempts were made to measure genome damage, 
transcriptional profile of DNA damage response and repair genes in peripheral 
blood mono-nuclear cells (PBMCs) exposed to different doses of  neutron 
irradiation (241Am-9Be source) in vitro. Materials and Methods: Blood samples 
were collected from six random, healthy individuals with written informed consent. 
The frequency of micronuclei (MN), nucleoplasmic bridges (NPB), DNA strand 
breaks and gamma-H2AX foci intensity were measured in PBMCs exposed to low 
doses of neutron (3.0 to 12mGy). Transcription profile of ATM, P53, CDKN1A, 
GADD45A, TRF1, TRF2, PARP1, NEIL1, MUTYH, APE1, XRCC1, LIG3, FEN1 and LIG1 
were analysed in PBMCs at 30 min and 4h post-irradiation using real time 
quantitative PCR. Results and Discussion: Our results revealed a significant 
increase (P≤0.05) in the frequency of MN at 9.0 and 12.0mGy as compared to 
control. A dose dependent increase in the percentage of DNA in tail and an 
increased intensity of gamma-H2AX foci were observed. CDKN1A and 
GADD45A showed marginal up-regulation at 30 min, whereas PARP1 showed 
increased expression at 4h post-irradiation across the doses studied. 
Conclusion: The present study revealed that GADD45A, CDKN1A and PARP1 can 
be used as early signatures for low-dose neutron exposure. However, further in 
vitro and in vivo studies are required to establish its implications in radiation 
protection science.  
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apoptosis. However, various DNA repair                
pathways efficiently repair these lesions to 
maintain the genome integrity.  

Humans are exposed to a variety of genotoxic 
stress including IR (low and high LET) that 
comes from natural background, cosmic,                    
cosmogenic, occupational, medical (diagnostics 
and radio-therapeutic) and accidental exposures 
(2). Although, plenty of data is available in human 
cells exposed to IR both in vitro and in vivo,            
biological effect of low dose radiation exposure 
in human cells/tissues is still inconsistent and 
inconclusive (3). Limited data is available on               
biological effects of low doses of neutron                
exposure in human cells/tissues using multiple 
DNA damage end points and their response at 
cellular and molecular level.  

The relative biological effectiveness (RBE) of 
neutron varies from 1 to 10 (4) depending on the 
type of cells/tissues or neutron dose or                      
biological endpoints studied.  Neutron doses 
may vary depending upon the type or duration 
of occupational exposure (5). This includes                
exposures to airline crew members or                    
astronauts, neutron therapy or accidental                 
exposures (6) (Wilson and Townsend 1988). 

Chromosome aberrations (dicentrics,                 
translocations etc.) and micronuclei have been 
extensively used in biological dosimetry and 
population monitoring (7-12). Chromosome                 
aberration analysis is extremely reliable for 
evaluating genome damage in human                         
lymphocytes exposed to low and high LET               
radiation (7,8). Cytochalasin-blocked micronuclei 
(CBMN) assay is also another preferred method 
for assessing genome damage as it is faster,             
cost-effective and reproducible (13,14).  Hence, 
CBMN assay has been used as an alternative to 
the chromosome aberration assay as it measures 
simultaneously chromosome breakage,                 
chromosome loss, non-disjunction, necrosis, 
apoptosis and cytostasis (14). Enumeration of  
nucleo-plasmic bridges (NPB) in CBMN assay is 
essential as these are the dicentric chromosomes 
resulting from DSB mis-repair. NPBs are formed 
due to telomere end-to-end fusion caused by 
telomere shortening, loss of telomere capping 
proteins or defects in telomere cohesion. 

Quantitation of DNA damage using alkaline 

2 

single cell gel electrophoresis (comet assay) is 
one of the most commonly used methods for  
radiation-induced DNA damage (15). In this meth-
od, DNA strand breaks are measured in terms of 
mean percentage of DNA in the tail (%T).              
Similarly gamma-H2AX assay is another                  
sensitive technique to detect DNA damage        
especially double strand breaks (DSB) in single 
cells. One of the earliest events of cellular            
responses to DSB is the phosphorylation of the 
histone H2AX at Ser139, which is known as  
gamma-H2AX (16). In recent years, gamma-H2AX 
foci analysis has been extensively used for              
natural background, occupational and medical 
exposures (17-21).   

Several studies have demonstrated that IR 
induced DNA damage may lead to alterations of 
transcription profile of genes involved in DNA 
Damage Response (DDR) and DNA repair             
pathways in human PBMCs (19, 22-26). Some of the 
DDR and DNA repair genes have the potential to 
be used as radiation signatures. For instance, the 
products of DDR genes such as ATM, P53,             
GADD45A and CDKN1A are recruited at the site of 
DNA damage in response to ionizing radiation by 
the phosphorylation of specific target proteins 
on serine or threonine residues (27-29). In                
proliferating cells, activated ATM/ATR proteins 
phosphorylate p53, which upon activation              
induces GADD45A and CDKN1A, thus leading to 
G0/G1 arrest. Similarly, cyclin-dependent kinase 
inhibitor1a (CDKN1A) inhibits cyclin-kinase  
activity, which is regulated at the transcriptional 
level by p53 (30). IR induced GADD45A and p97 
are involved in DNA repair, maintenance of           
genomic stability, cell cycle control and               
apoptosis (31-34). Telomere-specific proteins such 
as TRF1 and TRF2 also play important roles in 
maintaining genome integrity (35-36). Similarly, 
base excision repair pathway is known to play 
an important role in the processing of oxidative 
DNA damages (37).  Studies have shown role of 
APE1 in response to oxidative stress induced 
due to low and high LET radiation (26, 38). 

Studies have shown linear dose response of 
micronuclei induction in human lymphocytes 
exposed to high doses of fission neutrons in the 
dose range of 250-1500 mGy (39) and 10 to 
100mGy (40).  However, no study is available in 
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human lymphocytes that are exposed in vitro to 
very low doses of neutron as low as 3-12mGy. In 
the present study, attempt has been made to  
analyze the frequency of MN, NPB and DNA  
damages including DSBs in neutron-irradiated 
cells in vitro. Transcription specific of DDR 
(ATM, P53, GADD45A, CDKN1A), telomere specific 
(TRF1, TRF2) and BER (APE1, FEN1, LIG1, LIG3, 
MUTYH, NEIL1, PARP1, and XRCC1) genes were 
studied to find out molecular response, if any, in 
resting human PBMCs exposed to low doses of 
neutron irradiation in vitro.   

 
 

MATERIALS AND METHODS 
 

Sample collection  
Approximately 12 ml of venous blood               

samples were collected in heparinized vials from 
six random healthy individuals (Age range:                 
25-45 years). All the samples were collected 
with written informed consent approved by the 
Medical Ethics Committee, Bhabha Atomic                 
Research Centre, Trombay, Mumbai. All the               
individuals included in the study are                        
non-smokers and without having any chronic 
illness.  

 

Neutron Irradiation  
 Whole blood samples were exposed to               

various neutron doses (3.0, 6.0, 9.0 and 12.0 
mGy) using a 241Am-9Be source at a dose rate of 
3.0 mGy/h. The total activity of the source was 
12 curie with a neutron flux of 28.8 x 106                   
neutron/s. The average energy of the neutrons 
emitted from the source was 4.3MeV. The              
241Am-9Be source, which is in a stainless-steel 
capsule, yields approximately 60% of dose due 
to neutron and rest were from 60keV of gamma 
radiation. The source was standardized by a 
manganese sulphate bath system and the dose 
was evaluated from the fluence rate using               
conversion factors as described in ICRP (1996) 
(41). The blood samples were irradiated at room 
temperature in 1.5 ml sterile polypropylene 
tubes at a distance of 10 cm to achieve a dose 
rate of 3.0mGy/h.  

Blood samples were divided into two aliquots 
and irradiated at room temperature with            

different neutron doses (3.0, 6.0, 9.0 and 12.0 
mGy).  An aliquot of blood sample (4 ml) was 
used for the CBMN CYTOME assay. The rest of 
the blood sample (8 ml) was further aliquoted 
and  used for comet assay, gamma-H2AX assay 
and gene expression analysis wherein the 
PBMCs were separated and divided into multiple 
aliquots of 1×106cells/ml each and irradiated at 
room temperature. PBMCs were re-suspended in 
RPMI-1640 medium containing 10% heat                 
inactivated fetal calf serum. Sham-irradiated 
controls were kept at room temperature and 
processed along with the irradiated samples at 
each dose point.  

 
CBMN CYTOME assay  

For CBMN CYTOME assay, whole blood                
culture was set up using the micro-culture              
technique (42). Each blood culture was set up 
with 0.4 ml of whole blood and 4.5 ml of                
RPMI-1640 medium (Sigma-Aldrich) containing 
10% heat inactivated fetal calf serum                  
(Sigma-Aldrich), 1% of L-Glutamine                  
(Sigma-Aldrich), 100 IU/ml benzyl penicillin, 
100 µg/ml streptomycin (Sigma-Aldrich).              
Lymphocytes were stimulated by                              
phytohaemagglutinin (PHA) (10µg/ml, Sigma 
Aldrich). The cultures were incubated at 37°C, 
5% CO2 in a humidified atmosphere and after 
44h of PHA stimulation, cytochalasin B (5 µg/ml, 
Sigma Aldrich) was added to each culture tube. 
After 72h, the cultures were terminated and  
centrifuged at 1000 rpm for 6 min. The                    
supernatant was discarded and the pellet was 
treated with chilled hypotonic solution; 0.075 M 
potassium chloride (Qualigens, Mumbai, India) 
for 2 min followed by methanol and acetic acid 
(3:1) fixation. Fixed cell suspensions were 
dropped onto pre-cleaned slides and air dried. 
About four slides were prepared for each dose 
point, blindly coded and stained with 2% Giemsa 
(Sigma Aldrich). The cover slip was mounted 
carefully with DPX (Merck, India Ltd.) without 
any air bubble. Stained slides were analyzed  
using a CX-31 Olympus microscope at 400X  
magnification. An average of 2000 binucleated 
(BN) cells were scored and verified by two              
independent scientists. Likewise, at least two to 
three slides were scored randomly for each dose 
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point. Binucleated cells with well-preserved  
cytoplasm were scored for both MN and NPB.  

The scoring criteria of MN and NPB were as 
described by Fenech (2007) (14). In brief, the  
criteria for scoring MN were as follows: the size 
of the micronuclei (MN) should not be greater 
than 1/3 volume of main nuclei, staining should 
be uniform and the morphology of the MN 
should be like the main nuclei (round shape 
with no overlapping). Similarly, the criteria for 
NPB is as follows: the bridge of the NPB should 
be a continuous link between the nuclei of both 
the main nuclei with uniform staining and the 
size of NPB may vary from narrow to broad but 
the width should not exceed 1/4th of the                
diameter of the main nuclei.  

 
Isolation of PBMCs from blood 

PBMCs were separated from whole blood  
using Histopaque® 1077 (Sigma Aldrich, St  
Louis, USA) solution by density gradient                    
centrifugation at 400X g for 30 min at room  
temperature. The buffy layer was washed with 
ice-cold 1X phosphate buffer saline twice at 110 
X g for 10 min and further divided into different 
sub-aliquots. Each sub-aliquot had a density of 
approximately 1×106cells/ml, which was              
measured using a trypan-blue exclusion cell             
viability assay. PBMCs were irradiated at room 
temperature with different neutron doses (3.0, 
6.0, 9.0 and 12.0 mGy) with sham-irradiated 
controls.  

 

Quantitation of DNA strand breaks using           
alkaline comet assay  

Total DNA strand breaks were measured in 
terms of percentage of DNA in tail (%T) using 
the alkaline comet assay. Prior to irradiation, 
PBMCs (105 cells per dose point) were                      
suspended in RPMI1640 medium (Hi-Media Pvt. 
Ltd., Mumbai) containing 10% fetal bovine             
serum (FBS) and 2mM L-glutamine at 37°C 
(with 95% humidity and 5% CO2 concentration). 
Frosted slides (bio Plus microscopic slides,             
India) were overlaid with 1% melting agarose 
(Sigma Aldrich, USA), which was prepared in 1X 
Tris borate saline buffer. Irradiated PBMCs   (1 × 
105 cells/ml) were mixed with molten low                 
melting agarose (0.5 %) at 37°C and the mixture 

was overlaid onto the 1% base layer and the  
cover slip was laid onto it. For each dose point, 
the un-irradiated and irradiated samples were 
processed after 30 min. Duplicate slides were 
prepared for each sample and were stored at 4°C 
in the dark. The slides were then immersed in 
pre-chilled lysis solution (2.5M NaCl, 100mM 
EDTA, 10mM Trizma base, 10% DMSO, and 1% 
Triton X-100) at 4°C for 60 min. After lysis, the 
slides were immersed in freshly prepared                
alkaline solution (300mM of NaOH and 20mM 
EDTA, pH>13) for 30 min at room temperature 
in the dark. Electrophoresis was carried out in 
alkaline electrophoresis solution (pH >13)              
containing 300 mM NaOH and 500 mM EDTA 
(pH 8.0) at 25V, 300 mA for 20 min. The slides 
were then rinsed in neutralization buffer (0.4 M 
Tris-HCl, pH 7.5) for 5 min and fixed using 70% 
ethanol for 5 min(43,44). The cells were stained 
with SYBR Green I and observations were made 
using fluorescent microscope (Nikon Eclipse            
Ti-U inverted microscope, Japan). An average of 
100 cells (50 cells from each slide) was scored 
from two slides. Analysis was done using TriTek 
Comet Score FreeWareTMversion 1.5, where %T 
was calculated as follows :  

Percentage of DNA in Tail = (Total Tail              
Intensity / Total comet Intensity) × 100. 

 
Quantitation of DSBs  in neutron irradiated 
PBMCs using gamma-H2AX marker  

DSBs were visualized as gamma-H2AX foci 
using fluorescence microscopy. Cells were fixed 
after incubation of 30 minutes post-irradiation of 
each dose point. Cells were fixed with 1%                 
formaldehyde for 15 min on ice and after fixation 
cells were suspended in 70% ethanol. For                
permeabilization, cells were briefly incubated in 
1% BSA-Triton-X-100-PBS solution. PBMCs were 
re-suspended in 1:100 (1µg/100µl) dilution of 
anti-phospho-Histone H2AX (Ser 139) antibody 
(Millipore Cat no. 05-636, USA) and incubated at 
4ºC for overnight. After overnight incubation, 
cells were washed with 1% BSA-T-PBS solution 
containing 0.05 % Tween 20 and incubated with 
Alexa Fluor 488 labeled rabbit anti-mouse               
antibody (Molecular probes A-11059,                     
Invitrogen, USA). Labeled PBMCs were                 
counter-stained with propidium iodide (5μg/ml) 
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and coated onto Poly-L-Lysine coated                   
cover-slips (BD BioCoatTM 354085, BD                 
Biosciences, USA). The cover-slips were               
mounted on glass slides and visualized in a              
fluorescence microscope (Carl Zeiss, Model - 
LSM 510 Meta, Germany) at 100x magnification 
for gamma-H2AX intensity analysis. Two slides 
were prepared for each sample and 20-25               
random images were captured from both the 
slides. About 100 cells were scored from each 
slide to analyse the intensity per nucleus. The 
analysis was carried out by using Image J               
software. Scoring was done blindly without 
knowing the sample information. 

 
Transcription profile of DDR, telomere               
specific and BER genes  
RNA isolation and cDNA synthesis:  

For gene expression analysis, PBMCs were 
separated from blood samples, irradiated and 
total RNA was isolated at 30 minutes and 4h 
post-irradiation using Hipura RNA isolation Kit 
(Himedia Laboratory Pvt. Ltd., India). Total RNA 
was quantified using Picodrop Microlitre               
spectrophotometry and the purity was checked 
by taking 260/280 nm ratio. RNA integrity was 
checked on 0.8% agarose gel stained with                
ethidium bromide. The bands of 28S and 18S 
were clearly observed. For each sample, total 
RNA (500ng) was reverse transcribed to cDNA 
using transcriptor high fidelity cDNA synthesis 
kit (Roche Diagnostics, GmbH, Germany).  

 

Real Time quantitative PCR (RT-qPCR) 
RT-qPCR was performed to quantitate the 

mRNA expression of DNA damage response 
(ATM, P53, GADD45A, CDKN1A), telomere specific 
(TRF1 and TRF2) and BER genes (APE1, FEN1, 
LIG1, LIG3, MUTYH, PARP1, NEIL1and XRCC1) 
using a SYBR green based assay in LC480 (Roche 
Diagnostics, GmbH, Germany). All the reactions 
were carried out in duplicates and were                     
normalized with ACTB (b-actin). Primer                 
sequences used in the study are given in Table 1 
and were purchased from Sigma Aldrich, USA. 

Each RT-qPCR reaction was performed in a total 
volume of 12.5 µl PCR master mixture                      
containing 1X reaction buffer, 0.25 mM of each 
dNTP, 0.5U of Fast Start Taq DNA polymerase, 
5.0 pmols each of both forward and reverse              
primers for all the genes. All the PCR                         
components were purchased from Roche                 
Diagnostics, Gmbh, Germany. A total of 45 cycles 
of PCR reactions was carried out for all the 
genes. The PCR temperature conditions were as 
follows: a pre-incubation step at 950C for 5 min 
followed by denaturation at 950C for 10 sec,            
annealing at 590C for 45 sec and extension at 
720C for 15 sec. Melting-curve analysis was done 
to confirm the amplified product. The reaction 
was conducted in three steps: melting at 95°C 
for 5 min followed by an annealing step at 58°C 
for 1 min and an extension at 72°C followed by a 
final step at 40°C for 10 sec. The quantification 
was performed by using the LC480 software  
version 1.1 and the results are expressed in             
normalized ratio as described by Pfaffle (2001) 
(45). The calculations are as follows: Normalized 
ratio = (Concentration of Target/ Concentration 
of Reference)sample: (Concentration of Target/ 
Concentration of Reference) Calibrator. The relative 
expression with respect to control was                      
calculated.  

 
Statistical analysis 

Statistical analysis was performed using the 
SPSS software (17.0.1 version, 2008, IBM              
Corporation, USA). The level of significance was 
set at p≤0.05 for all statistical analysis.              
Frequency of MN and NPB were calculated per 
1000 BN cells. Paired “t” test was performed to 
find out the significance of MN, NPB, gene              
expression pattern and gamma-H2AX intensity 
between control and irradiated samples.                 
Coefficient of variation (CV), which represents 
the variability in relation to the mean was               
calculated by taking the ratio of standard              
deviation with the mean (CV=standard                   
deviation/mean). The CV was calculated for MN, 
NPB and DNA stand breaks.  
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Table 1. Primer sequence of genes studied. 

RESULTS 

In the present study, analysis of MN and NPB 
was done using the CBMN assay. DNA damage 
was quantified using single cell gel                             
electrophoresis (comet assay) and gamma H2AX 
assay. In addition, the transcriptional profile in 
PBMCs was analysed for 14 genes at various 
neutron doses between 3.0 to 12 mGy.  

 

CBMN CYTOME assay  
Blood samples of six individuals were                        

irradiated with neutron doses between 3.0 to 
12.0 mGy along with un-irradiated control for 
each donor. A whole blood culture was set up for 

CBMN assay. The frequencies of MN and NPB at 
various doses of neutron exposure are shown in 
table 2.  The frequency of MN was observed to 
be 7.09 ± 3.53, 11.64 ± 5.04, 12.27 ± 6.65, 16.54 
± 9.04 and 19.68 ± 10.12 per 1000 BN cells in 
control (un-irradiated), 3.0, 6.0, 9.0 and 12.0 
mGy, respectively. The frequency of MN at 9.0 
mGy and 12.0 mGy was significantly higher 
(p<0.05) as compared to control. The frequency 
of NPB was observed to be 0.61 ± 0.48, 2.07 ± 
1.37, 2.58 ± 1.68, 3.20 ± 1.99 and 3.78 ± 2.36 per 
1000 BN cells in control (un-irradiated), 3.0, 6.0, 
9.0 and 12.0 mGy, respectively. The frequency of 
NPB were significantly (p<0.05) increased at 6.0, 
9.0 and 12.0 mGy. Inter-individual variation was 
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Sr. No. Gene Name Primer sequence Base Pair (bp) 

1 
β – actin PR1 5'-CCAGAGGCGTACAGGGATAG-3' 20 

β – actin PR2 5'-CCAACCGCGAGAAGATGA-3' 18 

2 
ATM PR1 5'-GGGAACATAAAATTCAGACAAACA-3' 24 

ATM PR2 5'-CACGCAGGGCTAATTCATC-3' 19 

3 
CDKN1A PR1 5'-CGAAGTCAGTTCCTTGTGGAG-3' 21 

CDKN1A  PR2 5'-CATGGGTTCTGACGGACAT-3' 19 

4 
p53 PR1 5'-CTTTCCACGACGGTGACA-3' 18 

p53 PR2 5'-TCCTCCATGGCAGTGACC-3' 18 

5 
GADD45A PR1 5'-GAGAGCAGAAGACCGAAAGG-3' 20 

GADD45A  PR2 5'-TGACTCAGGGCTTTGCTGA-3' 19 

6 
TRF1 PR1 5'-TGCTAAGTGAAAAATCATCAACCTT-3' 25 

TRF1  PR2 5'-TTGTTCTTGTCCTTTTGCTTTCT-3' 23 

7 
TRF2 PR1 5'-CCCACCGTTCTCAACCAA-3' 18 

TRF2 PR2 5'-GTTCCACTTGCCTTTGGGTA-3' 20 

8 
APEX1 PR1 5’-CGAGCCTGGATTAAGAAGAAAG-3’ 22 

APEX1 PR2 5’-TTTGGTCTCTTGAAGGCACA-3’ 20 

9 
PARP1 PR1 5’-CCAGGATTCCGCATGACT-3’ 18 

PARP1 PR2 5’-AGTTCCTTCTGTGTCCGGATT-3’ 21 

10 
NEIL1 PR1 5’-GCAGTGGGAAGTCAGGTTCT-3’ 20 

NEIL1 PR2 5’-GGCCTCATTCACAAACTGG-3’ 19 

11 
XRCC1 PR1 5'-CTGGGACCGGGTCAAAAT-3' 18 

XRCC1 PR2 5'-CAAGCCAAAGGGGGAGTC-3' 18 

12 
LIGASE3 PR1 5'-GATCACGTGCCACCTACCTTGT-3'   22 

LIGASE3 PR2 5'-GGCATAGTCCACACAGAACCGT-3' 22 

13 
MUTYH PR1 5’-ATGACACCGCTCGTCTCC-3’ 18 

MUTYH PR2 5’-GCTTCTGCCTCCCTTCCT-3’ 18 

14 
FEN1 PR1 5’-CTGTGGACCTCATCCAGAAGCA-3' 22 

FEN1 PR2 5'-CCAGCACCTCAGGTTCCAAGA-3' 21 

15 
LIGASE1 PR1 5'-GAATTCTGACGCCAACATGCA-3'     21 

LIGASE1 PR2 5'-CCGTCTCTGCTGCTATTGGA-3' 20 
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clearly observed. The coefficient of variation 
(CV) among the individuals with respect to MN 
ranged from 43.3 % to 54.7 %. Similarly the CV 
value varied from 62.2% to 78.7 % for NPB. The 
distribution of percentage of BN cell with MN 

and NPB is given in table 2. The percentage of 
BN cells with MN was significantly higher 
(P<0.05) at 9.0 and 12.0 mGy. However, only 
0.06% to 0.4% of BN cells with NPB were           
observed across the doses studied.  
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Dose 
(mGy) 

No. of BN cells 
analysed 

(N=6) 

Freq of 
MN/1000 BN 

cells ± SD 

No. of BN cells 
with MN 

%of  BN 
cells 

with MN 

CV 
(%) 

Freq of NPB 
/1000 BN 
cells ± SD 

CV 
(%) 

No. BN cells 
with NPB 

% of BN 
cells 

with NPB 
0 1 ≥ 2 0 1 2 

Control 11432 
7.09 ± 3.53 

(81) 
11367 59 6 0.57 49.8 

0.61 ± 0.48 
(7) 

78.7 11425 7 0 0.06 

3.0 11596 
11.64 ± 5.04 

(135) 
11474 109 13 1.05 43.3 

2.07 ± 1.37* 
(24) 

66.2 11572 24 0 0.21 

6.0 11244 
12.27  ± 6.65 

(138) 
11129 103 12 1.02 54.2 

2.58 ± 1.68* 
(29) 

65.1 11215 29 0 0.26 

9.0 10635 
16.55 ± 9.04* 

(176) 
10484 129 22 1.42* 54.7 

3.20 ± 1.99* 
(34) 

62.2 10591 34 0 0.32 

12.0 10311 
19.69 ± 
10.12* 
(203) 

10139 144 28 1.67* 51.4 
3.78 ± 2.36* 

(39) 
62.4 10272 39 0 0.38 

Table 2.  Frequency distribution of micronuclei and nucleoplasmic bridges per 1000 binucleated cells in neutron-irradiated            
lymphocytes. 

C.V: co-efficient of variation, SD: standard Deviation, BN: binucleated, MN: micronuclei, NPB: Nucleoplasmic bridge, N=Number of individuals 

Measurement of DNA strand breaks using           
alkaline Comet assay:  

Mean percentage of DNA in tail (%T) in                 
neutron irradiated PBMCs was calculated for all 
the individuals along with control. A significant 
dose dependent increase in %T was observed. A 
representative image showing the dose                 
response of DNA in tail (%T) in resting human 
PBMCs exposed to neutron radiation at different 

doses between 3.0 to 12.0 mGy is shown in               
figure 1a. The mean percentage of DNA damage 
in tail was observed to be 2.10 ± 0.62 in control 
(un-irradiated) samples and 3.89 ± 0.92, 6.35 ± 
0.59, 7.91 ± 0.49 and 9.52 ± 0.42 in 3.0, 6.0, 9.0 
and 12.0 mGy, respectively (table 3 and figure 
1b). The coefficient of variation was found to be 
maximally in the range between 29.7% (as 
shown in table 3). 

Figure 1. Representative image showing percentage DNA in tail (%T) in resting human PBMCs exposed to various doses of               
neutron irradiation using alkaline comet assay. (a) unirradiated, (b) 3.0 mGy, (c) 6.0 mGy, (d) 9.0 mGy, (e) 12.0 mGy. 

a b c 

d e 
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Transcription profile of DDR, telomere specific 
and BER genes in neutron irradiated PBMC: 

The transcriptional profile of DDR, telomere 
specific and BER pathway genes was studied in 
PBMCs at different neutron doses (3.0, 6.0, 9.0 
and 12.0 mGy) along with un-irradiated control 
at 30 min and 4h of post irradiation. The relative 
expression of all the genes was analysed with 
respect to b-actin. The relative expression of the 
target genes was normalized against the                      
expression values of the un-irradiated controls 
and the fold-change values obtained at 30 min 

and 4h post irradiation across all the doses 
(figures 3 and 4).  

As shown in figure 3, both CDKN1A and              
GADD45A have shown increased expression at 30 
min across the doses as compared to 4h post 
irradiation. At 30 mins, CDKN1A showed an              
increased mRNA expression upto 12 mGy as 
compared to control but at 4h post-irradiation, it 
showed a dose dependent increase. At 30 mins 
post irradiation, GADD45A showed                           
dose-dependent up-regulation up to 12 mGy. No 
change in expression profile was observed for 
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Table 3. The average percentage of DNA in tail (%T), and the coefficient of variation (CV) in human lymphocytes exposed to           
various doses of neutron irradiation. 

Dose (mGy) 
Mean percentage of DNA 

 in tail (%T) ± SD 
Coefficient of 
variation (%) 

Control 2.10 ± 0.62 29.52 

3.0 3.89 ± 0.92 23.65 

6.0 6.35 ± 0.59 9.29 

9.0 7.91 ± 0.49 6.19 

12.0 9.52 ± 0.42 4.41 
% T=Mean percentage of DNA in tail, CV= Co-efficient of variation, CV=SD/
average mean %T *100 

A 

B 

Figure 2. Gamma H2AX foci intensity per nucleus in human PBMCs exposed to various doses of neutron irradiation (3.0, 6.0, 9.0 
and 12 mGy) along with sham- irradiated control. (A) Representative image showing gamma-H2AX foci intensity per nucleus in  

human PBMCs  exposed to neutron (B) Mean intensity of gamma-H2AX per nucleus in human PBMCs exposed to various doses of 
neutron irradiation (3.0, 6.0, 9.0 and 12 mGy) along with sham-irradiated control. Indicated are means and SE from 6 donors . (*) 

indicates significant  (p≤0.05) as compared to control.  
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ATM, P53, TRF1 and TRF2 at both the time points 
studied (30 min and 4h). As shown in figure 4, 
PARP1 showed dose-dependent increase in                
expression at 4h post irradiation as compared to 
30 min across all the doses. In contrast, NEIL1, 
MUTYH, APE1, XRCC1, LIGASE3, FEN1 and                
LIGASE1 showed similar expression patterns 
across the doses at 30 min and 4h.  

In summary, CDKN1A and GADD45A showed 
dose dependent up-regulation though not                
significant at 30 min as compared to 4h post  
irradiation across all the doses up to 12mGy, 
whereas PARP1 showed a dose dependent          
increase in expression at 4h post irradiation as 
compared to 30 min. 
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Figure 3. Gene expression profile of ATM, P53, CDKN1A, GADD45A, TRF1 and TRF2 in human PBMCs exposed to various doses of 
neutron irradiation (3.0, 6.0, 9.0 and 12.0 mGy) at 30 min and  at 4h along with sham-irradiated control in six individuals. Data were 

normalized with respect to control. Indicated are means and SE from 6 donors . (*) indicates significant  (p≤0.05) as compared to 
control.  
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DISCUSSION 

In the present study, in vitro effect of low 
dose neutron irradiation was assessed in resting 
human PBMCs using different biological                               
endpoints. Several studies have been carried out 
to study biological effects of neutrons in human 

cells along with other types of radiation                 
exposures.  Data from Hiroshima and Nagasaki 
atomic bomb studies have shown biological             
effect of significant neutron dose to exposed 
population (46). Therapeutic use of neutron is also 
very effective in treating human tumor /              
cancerous tissue along with proton (47).  
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Figure 4. Gene expression profile of PARP1, NEIL1, MUTYH, APE1, XRCC1, LIG3, FEN1 and LIG1 in human PBMCs to various doses 
of neutron irradiation (3.0, 6.0, 9.0 and 12.0 mGy) at 30 min and  at 4h along with sham-irradiated control. Data were normalized 

with respect to control. Indicated are means and SE from 6 donors. (*) indicates significant  (p≤0.05) as compared to control. 
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Human PBMCs are in the resting stage (G0/
G1) of the cell cycle and are highly sensitive to IR 
exposure. Dicentrics, NPB and MN are reliable 
end-points to study radiation induced DNA   
damage in human cells and provide reliable dose 
estimates after acute whole-body radiation                 
exposures in peripheral blood lymphocytes (48).  

Low doses of fast neutrons have shown to 
induce increasing frequency of micronuclei in 
polychromatic erythrocytes and lymphocytes 
(49,50). Dose-dependent increase in the frequency 
of micronuclei has also been reported in V79 cell 
lines (51,52).  Studies have shown linear dose              
response of micronuclei induction in human 
lymphocytes exposed to high doses of fission 
neutrons in the dose range of 250-1500 mGy (39) 

and 10 to 100mGy (40).  In the present study, 
dose dependent increase in the frequency of MN 
and NPB was also observed which is similar to 
other studies. However, this is the only in vitro 
study in human lymphocytes exposed to very 
low doses of neutron as low as 3-12mGy. The 
distribution of MN and NPB analysis showed 
that a very small percentage of cells have more 
than two MN per BN cell (binucleated) and                
reason is not clear yet. 

Alkaline comet assay is a sensitive method to 
measure radiation induced DNA damage in 
terms of percentage of DNA in the tail (%T) in 
human lymphocytes. Several studies have shown 
dose dependent increase in DNA damage using 
comet assay (26,54).  In the present study, we have 
also observed similar results. Approximately 
10% of DNA in the tail was observed at 12mGy 
of neutron irradiation.  

Quantitation of Gamma-H2AX foci intensity 
per nucleus is used as a biomarker in population 
monitoring and biological dosimetry studies for 
both whole body and partial body exposure (54). 
There are studies which have demonstrated 
neutron-induced clusters of DSBs in cell lines 
having a low capacity to repair DSB after                     
irradiation with a neutron mixed beam (55-57). In 
the present study, mean fluorescence intensity 
of the gamma-H2AX per nucleus revealed a               
significant increase with respect to increasing 
neutron dose. The densely-stained foci observed 
may be due to complex/clustered DNA damage 
in neutron irradiated cells. The findings in the 

present study are similar to the findings             
reported by Vandersickel et al., 2014 (58). Studies 
carried out by Zhang et al., have shown that 
Gamma-H2AX foci intensity was induced in               
response to long term exposure to low doses of 
neutron combined with gamma-radiation (59). 

IR induced lesions may lead to alteration in 
the transcriptional profile of DDR and DNA              
repair genes. Several studies have shown                
alteration of gene and protein expression in             
response to IR (24-26, 60-62). There are few studies, 
where gene expression analysis has been carried 
out in neutron-irradiated cells. For instance, it 
was reported that Rp-8  (a gene associated with 
apoptosis, PDCD2) and the long terminal repeat 
(LTR) of the human immunodeficiency virus 
(HIV-LTR) gene show a 2-3 fold increase in the 
expression pattern in Syrian hamster embryo 
(SHE) cells exposed to low dose of neutron, 
while SHE cells exposed to low doses of                 
fission-spectrum neutrons showed no change in 
the expression of genes encoding c-jun, Rb, 
H4histone, p53, and cmyc (63, 64).   

DNA damage response genes such as ATM, 
p53, PARP1, CDKN1A, GADD45A play an              
important role in activating repair mechanisms 
(63, 65). GADD45A expression profile is used as an 
early radiation signature for gamma-radiation in 
resting lymphocytes (66). TRF1 and TRF2 are           
telomere specific genes and responsible for 
maintaining genome integrity. Base Excision  
Repair (BER) plays an important role in                      
repairing spontaneous reactive oxygen species 
(67). In the present study, alteration of early              
expression of GADD45A and CDKN1A was              
observed at 30 min across the doses whereas 
PARP1 showed increased expression at 4h. 
These are indicative of DDR response in G0/G1 
human lymphocytes exposed to low doses of 
neutron. However, further in vitro and in vivo 
studies are required to find out low-dose                   
neutron radiation signatures at transcript and 
protein level, if any. It is also important to               
understand the repair kinetics and its                            
interaction with DDR and DNA repair genes/
proteins in maintaining genomic stability. The 
impact of low dose neutron irradiation on                
genome damage is highly relevant for human 
health. Molecular and/or cellular studies in     
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human cells/tissues with multiple end points in 
a larger scale might throw new insights to low 
dose radiation biology especially neutron               
irradiation. 

 
 

ACKNOWLEDGEMENT 
 

 We profusely thank the volunteers who have 
participated in the study. We are thankful to Ms. 
Prabhu J. A. and Mr. Sangram Kamble for helping 
us in collecting the blood samples from BARC            
dispensary, Trombay, Mumbai. We also thank Dr. 
V. Satian and Dr. P.K. Sarkar, former Head, Health 
Physics Division, BARC, for dosimetry calculations 
in neutron irradiation experiment.  

 
Conflicts of interest: Declared none. 
 
Contribution by each author 

 D C Soren (DCS), Sneh M Toprani (SMT):    
Vinay Jain (VJ):  Divyalakshmi Saini (DS),                  
Birajalaxmi Das (BD): DCS, CBMN CYTOME              
assay, SMT: comet assay and transcription           
profiling of BER genes, VJ: gamma-H2AX foci, DS: 
transcription profiling of DDR genes, BD:                 
Conceived the Project, designed the                              
experiments, analysed the data, writing and             
reviewing the manuscript. 
 
 

REFERENCES 
 

1. Lorat Y, Brunner CU, Schanz S, Jakob B, Taucher-Scholz G, 
Rübe CE (2015) Nanoscale analysis of clustered DNA dam-
age after high-LET irradiation by quantitative electron 
microscopy – The heavy burden to repair.  DNA Repair, 28:  
93–106. 

2. United Nations Scientific Committee on the Effects of 
Atomic Radiation (2000) United Nations Sources and 
Effects of Ionizing Radiation. Report to the General Assem-
bly, With Annexes. United Nations Sales Publica-
tionE.00.IX.3. United Nations, New York. 

3.  Morgan WF and Bair WJ (2013) Issues in low dose radia-
tion biology: the controversy continues. A perspective. 
Radiat Res, 179: 501-510. 

4. Seth I, Schwartz J, Stewart R, Emery R, Joiner M, Tucker J 
(2014) Neutron Exposures in Human Cells : Bystander 
Effect and Relative Biological Effectiveness. PLoS One, 9: 
e98947. 

5. Miller  RC, Marino SA, Martin  SG, Komatasu  K, Geard  CR, 
Brenner  DJ, Hall EJ (1999) Neutron–energy-dependent cell 
survival and oncogenic transformation. J  Rad Res, 40: 53-
59. 

6. Wilson JW and Townsend LW (1988) Radiation safety in 
commercial air traffic: a need for   further study. Health 
Physics, 55: 1001-1003.  

7. Lloyd DC and Edwards AA (1983) Chromosome aberrations 
in human lymphocytes: Effect of radiation quality, dose 
and dose rate. NATO ASI Series, 54: 385. 

8. Bender MA, Awa AA, Brooks AL, Evans HJ, Groer PG, Little-
field LG, Pereira C, Preston RJ, Wachholz BW (1988) Cur-
rent status of cytogenetic procedures to detect and quanti-
fy previous exposures to radiation. Mut Res, 196: 103-159. 

9. Cheriyan VD, Kurien CJ, Das B, Ramachandran EN, 
Karuppasamy CV, Thampi MV, George KP, Kesavan PC, 
Koya PKM, Chauhan PS (1999) Genetic monitoring of the 
human population from high level natural radiation areas 
of Kerala on the southwest coast of India. II. Incidence of 
numerical and structural chromosomal aberrations in the 
lymphocytes of newborns. Radiat Res, 152: S154–158. 

10. Das B and Karuppasamy CV (2009) Spontaneous frequency 
of micronuclei among the newborns from high level natu-
ral radiation areas of Kerala in the southwest coast of In-
dia. Int J Radiat Biol, 85: 272–280. 

11. Das B (2010) Genetic studies on human population residing 
in High Level Natural Radiation Areas of Kerala coast. BARC 
News Letter, 313: 28-37. 

12. Ramachandran EN, Karuppasamy CV, Cheriyan VD, Soren 
DC, Das B, Anil Kumar V, Koya PKM and Seshadri M (2013) 
Cytogenetic studies on newborns from high and normal 
level natural radiation areas of Kerala in southwest coast of 
India. Int J Radiat Biol, 89: 259-267. 

13. Fenech M and Morley AA (1985) Measurement of micronu-
clei in lymphocytes. Mut Res, 147: 29-36. 

14. Fenech M (2007) Cytokinesis-block micronucleus cytome 
assay. Nature Protocols, 2: 1084-1104. 

15. Collins AR (2004) Comet assay for DNA damage and repair: 
principles, applications and limitations. Mol Biotechnol, 26: 
249-61. 

16. Rogakou EP, Pilch DR, Orr AH, Ivanova VS, Bonner WM 
(1998) DNA double-stranded breaks induce histone H2AX 
phosphorylation on serine 139. J Biol Chem, 273: 5858-
5868. 

17. Lobrich M, Rief N, Kuhne M, Heckmann M, Fleckenstein J, 
Rube C, Uder M (2005) In vivo formation and repair of DNA 
double-strand breaks after computed tomography exami-
nations. Proc Natl Acad Sci, 102: 8984-8989 USA. 

18. Roch-Lefevre S, Mandina T, Voisin P, Gaetan G, Mesa JE, 
Valente M, Bonnesoeur P, Garcia O, Roy L (2010) Quantifi-
cation of gamma-H2AX foci in human lymphocytes: a 
method for biological dosimetry after ionizing radiation 
exposure. Radiat Res, 174: 185-194. 

19. Zahnreich S, Ebersberger A, Kaina B, Schmidberger H 
(2015) Biodosimetry Based on gamma-H2AX Quantification 
and Cytogenetics after Partial- and Total-Body Irradiation 
during Fractionated Radiotherapy. Radiat Res, 183: 432-

Das et al. / Quantitation of genome damage in PBMCs exposed to neutron irradiation   

Int. J. Radiat. Res., Vol. 17  No. 1, January 2019 12 

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

rr
.c

om
 o

n 
20

25
-0

7-
05

 ]
 

                            12 / 14

http://www.sciencedirect.com/science/article/pii/S1568786415000191
http://www.sciencedirect.com/science/article/pii/S1568786415000191
http://www.sciencedirect.com/science/article/pii/S1568786415000191
http://www.sciencedirect.com/science/article/pii/S1568786415000191
http://www.sciencedirect.com/science/article/pii/S1568786415000191
http://www.sciencedirect.com/science/article/pii/S1568786415000191
http://www.sciencedirect.com/science/journal/15687864
http://www.sciencedirect.com/science/journal/15687864/28/supp/C
http://ijrr.com/article-1-2453-en.html


446. 
20. Jain V, Vivek Kumar PR, Koya PKM, Jaikrishan G, Das B 

(2016) Lack of increased DNA double-strand breaks in 
peripheral blood mononuclear cells of individuals from 
high level natural radiation areas of Kerala coast in India. 
Mutation Research/Fundamental and Molecular Mecha-
nisms of Mutagenesis, 788:  50-57.  

21. Jain V, Saini D, Vivek Kumar PR, Jaikrishan G, Das B (2017) 
Efficient repair of DNA double strand breaks in individuals 
from high level natural radiation areas of Kerala coast, 
south-west India. Mutat Res Fund Mol Mech Mutagen, 
806: 39–50. 

22. Amundson S, Grace M, McLeland C, Epperly  M, Yeager A, 
Zhan Q, Greenberger J, Fornace A  (2004) Human In vivo 
Radiation – induced Biomarkers gene expression changes 
in radiotherapy patients.  Cancer Res, 64: 6368.  

23. Jain V, Das B, Seshadri  M (2011) Transcriptional expres-
sion of H2B, CTP synthase and PLK3 genes in whole blood 
exposed to 60Co gamma radiation. Int J Low Rad 8.  

24. Saini D, Shelke S, Vannan A, Toprani S, Jain V, Das B, Sesha-
dri M (2012) Transcription profile of DNA damage re-
sponse genes at G0 lymphocytes exposed to gamma radia-
tion. Mol Cell Biochem, 364: 271–281. 

25. Shelke S and Das B (2015) Dose response and adaptive 
response of non-homologous end joining repair genes and 
proteins in resting human peripheral blood mononuclear 
cells exposed to γ radiation. Mutagenesis, 30(3): 365-79. 

26. Toprani SM and Das B (2015) Role of base excision repair 
genes and proteins in gamma-irradiated resting human 
peripheral blood mono-nuclear cells. Mutagenesis, 30(2): 
247-61.  

27. Abraham RT (2001) Cell cycle checkpoint signaling through 
the ATM and ATR kinases. Genes and Develop, 15: 2177-
96. 

28. Barzilai A, Rotman G, Shiloh Y (2002) ATM deficiency and 
oxidative stress: a new dimension of   defective response 
to DNA damage. DNA Repair, 1: 3-25. 

29. Sen C, Khanna S, Roy S (2006) Tocotrienols: Vitamin E be-
yond Tocopherols. Life Science, 78: 2088-98. 

30. Canman  CE, Lim  DS, Cimprich  KA, Taya Y, Tamai  K, 
Sakaguchi  K, Appella E, Kastan MB, Siliciano JD (1998) 
Activation of the ATM kinase by ionizing radiation and 
phosphorylation of p53. Science, 28: 1677-9. 

31. Harper JW, Adami GR, Wei N, Keyomarsi K, Elledge SJ 
(1993) The p21 Cdk-interacting protein Cip1 is a potent 
inhibitor of G1 cyclin-dependent kinases. Cell, 75: 805-16. 

32. Carrier F, Georgel P, Pourquier P, Blake M, Kontny U, Anti-
nore J, Gariboldi M, Myers G, Weinstein N, Pommier Y, 
Fornace A (1999) Gadd45, a p53-responsive stress protein, 
modifies DNA accessibility on damaged chromatin. Mol 
Cell Biol, 19: 1673–1685. 

33. Adimoolam S and Ford J (2003) p53 and regulation of DNA 
damage recognition during nucleotide excision repair. DNA 
repair, 2: 947-954. 

34. Daino K, Ichimura S, Nenoi M (2002) Early induction of 
CDKN1A (p21) and GADD45 mRNA by a low dose of ioniz-
ing radiation is due to their dose-dependent post-
transcriptional regulation. Radiation Res., 157, 478–82.  

35. Bradshaw PS, Stavropoulos DJ, Meyn MS (2005) Human 
telomeric protein TRF2 associates with genomic double-
strand breaks as an early response to DNA damage. Nat 
Genet, 37: 193-7.  

36. Lange T (2010) How Shelterin solves the telomere end-
protection problem. Cold Spring Harbor Symposia on 
Quantitative Biology, 75: 167-177. 

37. Shikazano N, Noguchi M, Fuji K, Urushibara A, Yokoya A 
(2009) The yield, processing, and biological consequences 
of clustered DNA damage induced by ionizing radiation. J 
Radiat Res, 50: 27-36.  

38. Guo H and Loeb L (2003) Tumbling down a different path-
way to genetic instability. J Clin   Investigat, 112: 1793-
1795. 

39. Ban S, Donovan MP, Cologne JB, Sawada S (1991) Gamma-
ray and fission neutron-induced micronuclei in PHA stimu-
lated and unstimulated human lymphocytes.  J Rad Res, 
32: 13-22. 

40. Rithidech K (2008) Evidence for radiation hormesis after in 
vitro exposure of human lymophcytes to low doses of ioniz-
ing radiation. Dose response 6: 252-271. 

41. ICRP (1996) Conversion Coefficients for use in radiological 
protection against external radiation. ICRP Publication 74. 
Ann. ICRP 26: (3-4). 

42. Moorhead PS, Noden  PC, Mellmax WJ (1960) Chromo-
some preparation of leukocyte cultured from human pe-
ripheral blood. Exp Cell Res, 20: 609 -613. 

43. Singh N, McCoy M, Tice R, Schneider E (1988) A simple 
technique for quantitation of low levels of DNA damage in 
individual cells. Exptl Cell Res, 175: 184-191.  

44. Dhawan A, Mathur N, Seth P (2001)  The effect of smoking 
and eating habits on DNA damage in Indian population as 
measured in the comet assay. Mut Res, 474: 121-128. 

45. Pfaffle M (2001) A new mathematical model for relative 
quantification in real-time RT-PCR. Nucleic Acids Res, 29: 
e45. 

46. Brenner D (1996) Direct biological evidence for a signifi-
cant neutron dose to survivors of the hiroshima atomic 
bomb. Rad Res, 145: 501-507. 

47. Lampe I (1941) A Comparative Study of neutron- and X- 
radiation upon biological tissues in the cancer problem. 
Ohio J Sci, 41: 135-138. 

48. International Atomic Energy Agency (2001) Cytogenetic 
analysis for radiation dose assessment. A manual. Tech-
nical report series no. 405. IAEA Vienna, pp. 127. 

49. Mozdarani  H and Khoshbin-Khshnazar  A (1998)  In vivo 
protection by cimetidine against fast neutron- Induced 
micronuclei in mouse bone marrow cells. Cancers Lett, 
124: 65-71. 

50. Vral A, Thierens H, Baeyens A, Ridder L (2002) Induction 
and disappearance of G2 chromatid breaks in Lympho-
cytes after low doses of low LET g-rays and high LET fast 
neutrons. Int J Rad Biol, 78: 249-257.  

51. Oliveira  N, Castro  M, Rodrigues A, Concalves  I, Cassapo  
R, Fernandez A, Chaveca T, Toscano-Rico  J, Rueff  J (2001) 
Evaluation of the genotoxic effects of the boron neutron 
capture reaction in human melanoma cells using the cyto-
kinesis block micronucleus assay. Mutagenesis, 16: 369-

Das et al. / Quantitation of genome damage in PBMCs exposed to neutron irradiation   

13 Int. J. Radiat. Res., Vol. 17  No. 1, January 2019 

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

rr
.c

om
 o

n 
20

25
-0

7-
05

 ]
 

                            13 / 14

http://www.sciencedirect.com/science/article/pii/S1383571815300383
http://www.sciencedirect.com/science/article/pii/S1383571815300383
http://cancerres.aacrjournals.org/search?author1=Sally+A.+Amundson&sortspec=date&submit=Submit
http://cancerres.aacrjournals.org/search?author1=Marcy+B.+Grace&sortspec=date&submit=Submit
http://cancerres.aacrjournals.org/search?author1=Christopher+B.+McLeland&sortspec=date&submit=Submit
http://cancerres.aacrjournals.org/search?author1=Michael+W.+Epperly&sortspec=date&submit=Submit
http://cancerres.aacrjournals.org/search?author1=Andrew+Yeager&sortspec=date&submit=Submit
http://cancerres.aacrjournals.org/search?author1=Qimin+Zhan&sortspec=date&submit=Submit
http://cancerres.aacrjournals.org/search?author1=Joel+S.+Greenberger&sortspec=date&submit=Submit
http://cancerres.aacrjournals.org/search?author1=Albert+J.+Fornace+Jr.&sortspec=date&submit=Submit
http://cancerres.aacrjournals.org/content/64/18/6368.short#target-1
http://cancerres.aacrjournals.org/content/64/18/6368.short#target-1
http://cancerres.aacrjournals.org/content/64/18/6368.short#target-1
http://www.ncbi.nlm.nih.gov/pubmed/25473122
http://www.ncbi.nlm.nih.gov/pubmed/25473122
http://www.ncbi.nlm.nih.gov/pubmed/25473122
http://www.ncbi.nlm.nih.gov/pubmed/25473122
http://www.ncbi.nlm.nih.gov/pubmed?term=Canman%20CE%5BAuthor%5D&cauthor=true&cauthor_uid=9733515
http://www.ncbi.nlm.nih.gov/pubmed?term=Lim%20DS%5BAuthor%5D&cauthor=true&cauthor_uid=9733515
http://www.ncbi.nlm.nih.gov/pubmed?term=Cimprich%20KA%5BAuthor%5D&cauthor=true&cauthor_uid=9733515
http://www.ncbi.nlm.nih.gov/pubmed?term=Taya%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=9733515
http://www.ncbi.nlm.nih.gov/pubmed?term=Tamai%20K%5BAuthor%5D&cauthor=true&cauthor_uid=9733515
http://www.ncbi.nlm.nih.gov/pubmed?term=Sakaguchi%20K%5BAuthor%5D&cauthor=true&cauthor_uid=9733515
http://www.ncbi.nlm.nih.gov/pubmed?term=Appella%20E%5BAuthor%5D&cauthor=true&cauthor_uid=9733515
http://www.ncbi.nlm.nih.gov/pubmed?term=Kastan%20MB%5BAuthor%5D&cauthor=true&cauthor_uid=9733515
http://www.ncbi.nlm.nih.gov/pubmed?term=Siliciano%20JD%5BAuthor%5D&cauthor=true&cauthor_uid=9733515
http://www.ncbi.nlm.nih.gov/pubmed?term=Harper%20JW%5BAuthor%5D&cauthor=true&cauthor_uid=8242751
http://www.ncbi.nlm.nih.gov/pubmed?term=Adami%20GR%5BAuthor%5D&cauthor=true&cauthor_uid=8242751
http://www.ncbi.nlm.nih.gov/pubmed?term=Wei%20N%5BAuthor%5D&cauthor=true&cauthor_uid=8242751
http://www.ncbi.nlm.nih.gov/pubmed?term=Keyomarsi%20K%5BAuthor%5D&cauthor=true&cauthor_uid=8242751
http://www.ncbi.nlm.nih.gov/pubmed?term=Elledge%20SJ%5BAuthor%5D&cauthor=true&cauthor_uid=8242751
http://www.ncbi.nlm.nih.gov/pubmed/8242751
http://www.ncbi.nlm.nih.gov/pubmed?term=Bradshaw%20PS%5BAuthor%5D&cauthor=true&cauthor_uid=15665826
http://www.ncbi.nlm.nih.gov/pubmed?term=Stavropoulos%20DJ%5BAuthor%5D&cauthor=true&cauthor_uid=15665826
http://www.ncbi.nlm.nih.gov/pubmed?term=Meyn%20MS%5BAuthor%5D&cauthor=true&cauthor_uid=15665826
http://www.ncbi.nlm.nih.gov/pubmed/15665826
http://www.ncbi.nlm.nih.gov/pubmed/15665826
http://www.ncbi.nlm.nih.gov/pubmed?term=Pfaffl%20MW%5BAuthor%5D&cauthor=true&cauthor_uid=11328886
http://www.ncbi.nlm.nih.gov/pubmed/11328886
http://ijrr.com/article-1-2453-en.html


375. 
52. Oliveira  N, Castro  M, Rodrigues  A, Concalves  I, Gill  O, 

Fernandez  A, Toscano-Rico  J, Rueff  J (2002) Wortmannin 
enhances the induction of micronuclei by low and high LET 
radiation. Mutagenesis, 18: 37-44.  

53. Vrhovac VG and Zeljezic D (2004) Comet assay in the as-
sessment of the human genome damage induced by γ-
radiation in vitro. Radiol Oncol, 38: 43-7. 

54. Horn S, Barnard S, Rothkamm K (2011) Gamma-H2AX-
Based Dose Estimation for Whole and Partial Body Radia-
tion Exposure. PLoS ONE, 6(9): e25113.  

55. Rossouw M, Slabbert J, Meehan K (2005) Micronucleus 
formation in lymphocytes after exposure to low-dose 
gamma and neutron radiation. Medical Technology SA, 19: 
11-15. 

56. Kinashi Y, Takahashi  S,  Kashino  G, Okayasu  R,  Masunaga  
S,  Suzuki  M,  Ono K (2011) DNA double-strand break 
induction in Ku80-deficient CHO cells following Boron 
Neutron Capture Reaction. Rad Oncol, 6: 106. 

57. Okumura  K,  Kinashi  Y, Kubota  Y, Kitajima  E, Okayasu  
R, Ono  K, Takahashi  S (2013) Relative biological effects of 
neutron mixed-beam irradiation for boron neutron cap-
ture therapy on cell survival and DNA double-strand 
breaks in cultured mammalian cells. J Rad Res 54: 70-5.  

58. Vandersickel V, Beukes P, Van Bockstaele B, Depuydt J, 
Vral A, Slabbert J (2014) Induction and disappearance of 
gamma-H2AX foci and formation of micronuclei after ex-
posure of human lymphocytes to (60)Co gamma-rays and 
p(66)+ Be(40) neutrons. Int J Radiat Biol, 90(2):149-58.   

59. Zhang J, He Y, Shen X, Jiang D, Wang Q, Liu Q, Fang W 
(2016) γ-H2AX responds to DNA damage induced by long-
term exposure to combined low-dose-rate neutron and γ-
ray radiation. Mutat Res Genet Toxicol Environ Mutagen, 
795: 36-40.  

60. Amundson, SA, Bittner M, Meltzer P, Trent J, Fornace, AJ Jr 
(2001) Induction of gene expression as a monitor of expo-
sure to ionizing radiation. Radiat Res, 156: 657–61.  

61. Daino K, Ichimura S, Nenoi M (2003) Comprehensive 
search for X-ray-responsive elements and binding factors 
in the regulatory region of the GADD45a gene. Journal of 
Rad Res, 44: 311-8. 

62. Ding LH, Shingyoji M, Chen F, Hwang JJ, Burma S, Lee C, 
Cheng JF, Chen DJ (2005) Gene expression profiles of nor-
mal human fibroblasts after exposure to ionizing radiation: 
a comparative study of low and high doses. Radiat Res, 
164: 17–26. 

63. Woloschak GE, Chang-Liu CM, Panozzo J, Libertin CR (1994) 
Low doses of neutrons induce changes in gene expression. 
Radiat Res, 138: S56-9. 

64. Christmann M and Kaina B (2013) Transcriptional regula-
tion of human DNA repair genes following genotoxic stress: 
trigger mechanisms, inducible responses and genotoxic 
adaptation. Nucleic Acids Res, 41: 8403-20. 

65. Banin S, Moyal L, Shieh S, Taya Y, Anderson CW, Chessa 
L, Smorodinsky NI, Prives  C, Reiss Y, Shiloh Y, Ziv Y (1998)  
Enhanced phosphorylation of p53 by ATM in response to 
DNA damage. Science, 281: 1674 - 7. 

66. Tavakoli H, Manoochehri M, Modarres Mosalla 
SM, Ghafori M, Karimi AA (2013)  Dose-dependent and 
gender-related radiation-induced transcription alterations 
of Gadd45a and Ier5 inhuman lymphocytes exposed to 
gamma ray emitted by (60)Co. Radiat Protection Dosimetry,  
154: 37-44.  

67. Izumi T, Wiederhold  L, Roy  G, Roy  R, Jaiswal  A, Bhakat  K, 
Mitra  S, Hazra T (2003) Mammalian DNA base excision 
repair proteins: their interactions and role in repair of oxi-
dative DNA damage. Toxicology, 193: 43-65.  

Das et al. / Quantitation of genome damage in PBMCs exposed to neutron irradiation   

Int. J. Radiat. Res., Vol. 17  No. 1, January 2019 14 

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

rr
.c

om
 o

n 
20

25
-0

7-
05

 ]
 

Powered by TCPDF (www.tcpdf.org)

                            14 / 14

http://www.ncbi.nlm.nih.gov/pubmed?term=Okumura%20K%5BAuthor%5D&cauthor=true&cauthor_uid=22966174
http://www.ncbi.nlm.nih.gov/pubmed?term=Okayasu%20R%5BAuthor%5D&cauthor=true&cauthor_uid=22966174
http://www.ncbi.nlm.nih.gov/pubmed?term=Ono%20K%5BAuthor%5D&cauthor=true&cauthor_uid=22966174
http://www.ncbi.nlm.nih.gov/pubmed?term=Okayasu%20R%5BAuthor%5D&cauthor=true&cauthor_uid=22966174
http://www.ncbi.nlm.nih.gov/pubmed?term=Ono%20K%5BAuthor%5D&cauthor=true&cauthor_uid=22966174
http://www.ncbi.nlm.nih.gov/pubmed?term=Takahashi%20S%5BAuthor%5D&cauthor=true&cauthor_uid=22966174
http://www.ncbi.nlm.nih.gov/pubmed?term=Daino%20K%5BAuthor%5D&cauthor=true&cauthor_uid=15031557
http://www.ncbi.nlm.nih.gov/pubmed?term=Ichimura%20S%5BAuthor%5D&cauthor=true&cauthor_uid=15031557
http://www.ncbi.nlm.nih.gov/pubmed?term=Nenoi%20M%5BAuthor%5D&cauthor=true&cauthor_uid=15031557
http://www.ncbi.nlm.nih.gov/pubmed?term=Woloschak%20GE%5BAuthor%5D&cauthor=true&cauthor_uid=8146328
http://www.ncbi.nlm.nih.gov/pubmed?term=Chang-Liu%20CM%5BAuthor%5D&cauthor=true&cauthor_uid=8146328
http://www.ncbi.nlm.nih.gov/pubmed?term=Banin%20S%5BAuthor%5D&cauthor=true&cauthor_uid=9733514
http://www.ncbi.nlm.nih.gov/pubmed?term=Moyal%20L%5BAuthor%5D&cauthor=true&cauthor_uid=9733514
http://www.ncbi.nlm.nih.gov/pubmed?term=Banin%20S%5BAuthor%5D&cauthor=true&cauthor_uid=9733514
http://www.ncbi.nlm.nih.gov/pubmed?term=Chessa%20L%5BAuthor%5D&cauthor=true&cauthor_uid=9733514
http://www.ncbi.nlm.nih.gov/pubmed?term=Smorodinsky%20NI%5BAuthor%5D&cauthor=true&cauthor_uid=9733514
http://www.ncbi.nlm.nih.gov/pubmed?term=Chessa%20L%5BAuthor%5D&cauthor=true&cauthor_uid=9733514
http://www.ncbi.nlm.nih.gov/pubmed?term=Smorodinsky%20NI%5BAuthor%5D&cauthor=true&cauthor_uid=9733514
http://www.ncbi.nlm.nih.gov/pubmed?term=Chessa%20L%5BAuthor%5D&cauthor=true&cauthor_uid=9733514
http://www.ncbi.nlm.nih.gov/pubmed?term=Smorodinsky%20NI%5BAuthor%5D&cauthor=true&cauthor_uid=9733514
http://www.ncbi.nlm.nih.gov/pubmed?term=Chessa%20L%5BAuthor%5D&cauthor=true&cauthor_uid=9733514
http://www.ncbi.nlm.nih.gov/pubmed?term=Smorodinsky%20NI%5BAuthor%5D&cauthor=true&cauthor_uid=9733514
http://www.ncbi.nlm.nih.gov/pubmed?term=Chessa%20L%5BAuthor%5D&cauthor=true&cauthor_uid=9733514
http://www.ncbi.nlm.nih.gov/pubmed?term=Smorodinsky%20NI%5BAuthor%5D&cauthor=true&cauthor_uid=9733514
http://www.ncbi.nlm.nih.gov/pubmed/9733514
http://www.ncbi.nlm.nih.gov/pubmed?term=Tavakoli%20H%5BAuthor%5D&cauthor=true&cauthor_uid=22923252
http://www.ncbi.nlm.nih.gov/pubmed?term=Manoochehri%20M%5BAuthor%5D&cauthor=true&cauthor_uid=22923252
http://www.ncbi.nlm.nih.gov/pubmed?term=Tavakoli%20H%5BAuthor%5D&cauthor=true&cauthor_uid=22923252
http://www.ncbi.nlm.nih.gov/pubmed?term=Manoochehri%20M%5BAuthor%5D&cauthor=true&cauthor_uid=22923252
http://www.ncbi.nlm.nih.gov/pubmed?term=Modarres%20Mosalla%20SM%5BAuthor%5D&cauthor=true&cauthor_uid=22923252
http://www.ncbi.nlm.nih.gov/pubmed?term=Ghafori%20M%5BAuthor%5D&cauthor=true&cauthor_uid=22923252
http://www.ncbi.nlm.nih.gov/pubmed?term=Karimi%20AA%5BAuthor%5D&cauthor=true&cauthor_uid=22923252
http://www.ncbi.nlm.nih.gov/pubmed?term=Modarres%20Mosalla%20SM%5BAuthor%5D&cauthor=true&cauthor_uid=22923252
http://www.ncbi.nlm.nih.gov/pubmed?term=Ghafori%20M%5BAuthor%5D&cauthor=true&cauthor_uid=22923252
http://www.ncbi.nlm.nih.gov/pubmed/22923252
http://ijrr.com/article-1-2453-en.html
http://www.tcpdf.org

