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  Introduction 

 During their lives humans are exposed to numerous envi-
ronmental factors that have genotoxic and mutagenic eff ects. 
Every organism is unique and is characterized by a wide 
variety of specifi c features, including their individual suscep-
tibility to genotoxic environmental factors. At the gene level, 
these inter-individual diff erences are determined by single 
nucleotide polymorphisms (SNP). Th e implementation and 
practice of high-throughput SNP genotyping technologies 
has led to great interest in extensive genetic association stud-
ies (Aldred and Eng 2006). SNP result in amino acid substitu-
tions that alter protein function (Klein et   al. 2005) or result in 
altered splicing (Valentonyte et   al. 2005). Additionally, SNP 
can aff ect coding regions, including the disruption of exonic 
splicing enhancer sequences (Lamba et   al. 2003) or exonic 
mRNA stability/instability sequences (Capon et   al. 2004). 
When found in promoter regions, SNP may result in a variety 
of eff ects such as the alteration of transcription factor bind-
ing motifs, changes in the effi  ciency of enhancer or repres-
sor elements (Th omas et   al. 2006), or the introduction of an 
alternative translation initiation codon, leading to down-
regulation of the wild-type transcript (Zysow et   al. 1995). 

 One of the most important fi elds of modern ecogenetics 
is the study of the impact of hereditary diff erences on radio-
sensitivity (the organisms response to the infl uence of ion-
izing radiation) (Godon et   al. 2008, Zharlyganova et   al. 2008, 
Vellingiri et   al. 2013, Forrester and Sprung 2014). Specifi cally, 
ecogenetic changes are due to the individual selection of 
genetic markers, including SNP (Detours et   al. 2007, Yuan 
et   al. 2009, Forrester et   al. 2012, Alsbeih et   al. 2013). 

 Radon ( 222 Rn) is a naturally radioactive noble gas. It is 
generated from uranium, a chemical element that is wide-
spread in the Earth ’ s crust. Despite the fact that radon is 
chemically inert, it is released into the atmosphere from 
rocks and soil along with trace amounts of uranium. Th e rate 
of radon seepage is variable and depends upon the amount of 

                            

  Abstract 
  Purpose : To investigate the individual radiosensitivity of the 
human genome in long-term residents of areas with high radon 
concentration. 
  Materials and methods : The materials used for this investi-
gation were venous blood samples extracted from children 
living in the boarding school of Tashtagol (Kemerovo Region, 
Russia). Cytogenetic damage assessment was performed using 
the cytokinesis-block micronucleus assay (CBMN) on peripheral 
blood lymphocytes. PCR, gel electrophoresis and product detec-
tion using a transilluminator were used to determine polymor-
phisms in the genes  ADPRT  (rs 1136410), h OGG1  (rs 1052133), 
 NBS1  (rs 1805794),  XRCC1  (rs 25487),  XpC  (rs 2228001),  XpD  (rs 
13181) ,  and  XpG  (rs 17655). Statistical analysis was performed 
using nonparametric methods. To ensure accurate results, FDR-
correction for multiple comparisons was performed. 
  Results : We discovered a signifi cant increase in the frequency 
of binucleated lymphocytes with micronuclei (MN) in carriers 
of the His/His genotype of the  XpG  gene Asp1104His polymor-
phism in comparison to heterozygous and homozygous carriers 
of the Asp allele. In addition, the Ala/Ala genotype for the  ADPRT  
gene Val762Ala polymorphism and the Glu/Gln genotype for the 
 NBS1  gene Glu185Gln polymorphism were associated with the 
elevated frequency of binucleated lymphocytes with nucleo-
plasmic bridges (NPB). 
  Conclusions : As a result of this study, the elevated frequency of 
cytogenetic damage in people with particular DNA-repair gene 
polymorphisms in response to chronic exposure to radon was 
demonstrated. It was shown that the genes and correspond-
ing polymorphisms (the  XpG  gene Asp1104His polymorphism, 
the  ADPRT  gene Val762Ala polymorphism and the  NBS1  gene 
Glu185Gln polymorphism) can be used as molecular genetic 
markers of increased individual radiosensitivity in long-term 
residents of areas with high concentrations of radon.  

  Keywords:   Micronuclei  ,   micronucleus test  ,   DNA-repair  ,   genetic 
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uranium present in the soil. Th e concentration of radon in the 
outside air is usually lower than that indoors. In addition, the 
concentration of radon in indoor air depends on the perme-
ability of the ground, climatic factors, and the construction 
and ventilation of the house. Although radon is a physical 
agent that is present in the everyday environment of living 
organisms, it also plays a role in DNA damage. Radon, being 
electrically neutral, is not itself a potential health threat, but 
its decay daughter products,  218 Po,  214 Po,  214 Pb, and  214 Bi, are 
electrically charged and can affi  x themselves to tiny dust or 
smoke particles in indoor air. Th ese particles can be inhaled 
into the lungs, where they may penetrate the epithelial cells 
that cover the bronchi and alveoli. Th ese short-lived, unstable 
decay daughter products (especially  218 Po and  214 Po) emit 
alpha particles that can interact with biological tissues in the 
lungs and induce DNA damage (Rafi que and Rahman 2010). 
According to the International Agency for Research on Can-
cer (IARC) assessment, radon is related to group I carcino-
gens (Rushton et   al. 2010). It is important to note that for the 
majority of the population, radon exposure is limited by the 
amount that is present in their living spaces (Lubin 2010). 

 Th e cytokinesis-block micronucleus assay (CBMN) on 
peripheral blood lymphocytes is one of the most established 
cytogenetic assays in the fi eld of genetic toxicology. Micro-
nuclei (MN) are found in dividing cells that either contain 
chromosome breaks lacking centromeres (acentric frag-
ments), and/or whole chromosomes that are unable to travel 
to the spindle poles during mitosis. By telophase, a nuclear 
envelope is formed around the lagging chromosomes and 
fragments, which then uncoil and gradually assume the 
morphology of an interphase nucleus, with the exception 
that they are smaller than the main nucleus in the cell; 
hence, they are called  ‘ micronuclei. ’  MN therefore provide a 
convenient and reliable index of both chromosome breakage 
and chromosome loss. Because MN are expressed in cells 
that have completed nuclear division, they can be optimally 
scored during the binucleated stage of the cell cycle. Occa-
sionally, nucleoplasmic bridges (NPB) are observed between 
the nuclei in a binucleated cell. Th ese are most likely dicen-
tric chromosomes in which the two centromeres have been 
pulled to opposite poles of the cell, and the DNA in the 
resulting bridge has been covered by a nuclear membrane. 
Th us, NPB in binucleated cells provide an additional and 
complementary measure of chromosome rearrangement, 
which can be scored together with the micronuclei count 
(Fenech 2000). In addition to MN and NPB, the CBMN assay 
detects nuclear buds (NBUD) or protrusions, which represent 
a mechanism by which cells remove amplifi ed DNA; they are 
therefore considered markers of possible gene amplifi cation 
(Fenech 2006). 

 It has been previously shown that the CBMN assay is 
applicable to the assessment of some negative eff ects from 
radon and its decay products by diff erent contingents 
(Sinitsky 2014). 

 In this study, the CBMN assay was used to investigate the 
association between DNA-repair gene polymorphisms and 
susceptibility to radon. Th e amount of radon-induced muta-
tions depends on the expression of the indicated genes and, 
as a result, impacts the effi  ciency of the DNA-repair protein 

synthesis and function. Th erefore it is possible to use DNA-
repair genes as candidate genetic markers for the estimation 
of radiosensitivity. 

 Th ere are more than 100 proteins that are encoded by 
these genes and participate in the processes of human DNA 
repair (L ó pez-Cima et   al. 2007). Th e pathways of DNA repair 
can be divided into direct repair, nucleotide excision repair 
(NER), base excision repair (BER), double-strand break 
repair (DSBR) and mismatch repair (MMR) (Martin et   al. 
2008). Several key DNA repair genes include  ADPRT  ( PARP1 ), 
h OGG1 ,  NBS1 ,  XRCC1 ,  XpC ,  XpD  and  XpG . 

 Th e purpose of our study was to analyze possible asso-
ciations between the  ADPRT  gene Val762Ala polymorphism, 
the h OGG1  gene Ser326Cys polymorphism, the  NBS1  gene 
Glu185Gln polymorphism, the  XRCC1  gene Arg399Gln poly-
morphism, the  XpC  gene Lys939Gln polymorphism, the  XpD  
polymorphism Lys751Gln, and the  XpG  gene Asp1104His 
polymorphism and individual susceptibility to radon 
exposure.   

 Materials and methods  

 Sample characteristics 
 Th e town of Tashtagol is situated in the mountain taiga dis-
trict (Gornaya Shoria) on the south of the Kemerovo Region 
and is characterized by a low level of chemical pollution. 
Meanwhile, according to geophysical measurement results, 
the territory of Tashtagol is considered hazardous for radon 
pollution. 

 For the investigation, venous blood samples were 
extracted from children and teenagers living in the Tashtagol 
boarding school. For each individual examined, a proto-
col of agreement was signed by the parents or fi duciary. 
Samples were collected from 60 subjects aged 8 – 17 years 
(mean    �    12.1years). Blood samples from children living in 
the village Zarubino were used as a control (Table I).   

 Radiological investigations 
 Measures of the activity of radon per unit volume of air in 
living spaces and classrooms were performed with the radon 
radiometer PPA-01M-01 Alfarad set in measurement mode 
Air 1. Th e measurements were performed according to the 
standards of the Russian Health Department (2003) and the 
Federal Centre of Hygiene and Epidemiology of the Russian 
Federal Service on Customers ’  Rights Protection and Human 
Well-being Surveillance (2009). Th e results of the longitudi-
nal monitoring of the radon concentration at the boarding 
school (Tashtagol) and in the village Zarubino are shown in 
Table II. Additionally, values of the exposure dose rate (EDR) 

  Table I. Gender and age characteristics of children/teenagers.  

Person Number Age (m    �    SD) Age (min – max)

Exposed group
Total 60 12.1    �    2.32 8 – 17
Male 34 12.1    �    2.30 8 – 16
Female 26 12.0    �    2.41 8 – 17

Control group
Total 60 14.9    �    2.60 8 – 18
Male 27 14.8    �    2.63 9 – 17
Female 33 15.0    �    2.58 8 – 18
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of gamma background radiation on the school premises were 
measured.   

 Cytogenetic investigations 
 Blood from the children was sampled using vacutainers with 
heparin and was stored at 4 ° C for 24 h before culturing. Th e 
blood (200  μ l) was then transferred to fl asks containing 3.8 
ml of culture medium (3.0 ml RPMI-1640    �    0.8 ml inactivated 
bovine serum    �    100 U/ml ampicillin). Phytohaemaggluti-
nin (PHA) (30 mg/fl ask) was added to each culture, and the 
fl asks were incubated for 44 h at 37 ° C. After a 44-h incubation 
period, 6  μ g/ml of cytochalasin B was added to each culture 
and allowed to incubate another 24 h at 37 ° C. Th e cells were 
then resuspended in the fl asks, poured into centrifuge tubes 
and centrifuged for 10 min at 1000 rev/min. Th e supernatant 
was removed, the pellet was disrupted, and 1 ml of cold, 
freshly prepared 0.125 M KCl was poured onto the wall of 
the tube. Th e pellet was gently resuspended in the KCl solu-
tion, and another 4 ml was added. Th e tube was then closed 
and inverted several times (for  ∼  30 s). After the pellet was 
resuspended, 1 ml of cold, freshly prepared Carnoy ’ s fi xative 
(a compound of methanol and glacial acetic acid in a ratio of 
3:1) was poured onto the wall of the tube and mixed. Th e sam-
ples were stored at    �    20 ° C until the next centrifugation step. 
Th e suspension was centrifuged for 10 min at 1000 rev/min. 
Th e supernatant was removed and the pellet disrupted. With-
out inverting, another 5 ml of cold fi xative was poured onto 
the pellet. Th is procedure was repeated several times until the 
pellet appeared clean and the cell suspension was clear. 

 After the last centrifugation step, the majority of the super-
natant was removed, leaving a volume not exceeding 200  μ l. 
Next, the suspension was gently transferred to a dry, cold glass 
slide using a pipette. Azure-eosin staining in a phosphate buf-
fer was carried out for 15 min. Th e slides were analyzed using 
a Nikon Eclipse 80i microscope with transmitted light and a 
full fi lter at 1000    �    magnifi cation (oil immersion). 

 For each sample, 1000 binucleated cells were counted and 
diff erent types of abnormalities (MN, NPB, NBUD) were reg-
istered within them. We used the suggestions from Fenech 
2000 to identify the MN and other abnormalities.   

 DNA extraction 
 DNA extraction was performed using the routine phenol/
chloroform method. 2 ml of blood was transferred to tubes 
and 12 ml of chilled sucrose buff er was added. Th e tubes 

were mixed and left for 1 h in the refrigerator. Th ereafter, 
samples were centrifuged for 20 min at 4000 rev/min (cooled 
to    �    3 ° C). Th e supernatant was removed, and 0.3 ml of SE-
buff er was added to the pellet. Th e pellet was resuspended 
and transferred into Eppendorf tubes. A total of 30  μ l of 10% 
SDS-buff er and 7.5  μ l of proteinase K were added to each 
Eppendorf tube. Th e tubes were mixed and incubated for 24 
h at 37 ° C. After incubation, 350  μ l of phenol was added to 
each tube, which were then mixed and centrifuged for 6 min 
at 9000 rev/min. 

 Th e upper aqueous phase was transferred to another clean 
tube, and 300  μ l of phenol/chloroform (1:1) was added. Th e 
tubes were stirred and centrifuged for 6 min at 9000 rev/min, 
and the previous step was repeated. DNA was precipitated with 
a mixture of 17  μ l of 4 M NaCl and 700  μ l of cold 90% ethanol.   

 PCR 
 SNP detection was performed using a reagent kit produced 
in the Lytech Company (Moscow, Russian Federation) by 
allele-specifi c End Point PCR. Th e amplifi cation test tubes 
(0.5 ml) were prepared and numbered according to the sum 
of the sample analysis number and the negative controls. 
Th ere were two test tubes for each sample: N (normal) and  
P (pathology). Th e reagents for PCR were removed from the 
freezer and thawed for 20 – 30 min before preparing the work-
ing mixture for amplifi cation. 

 Th e working reagent mixture for amplifi cation was pre-
pared immediately before the experiment. One sample con-
sisted of 17.5  μ l of diluent, 2.5  μ l of the reaction mixture, and 
0.2  μ l of Taq-polymerase. Th ere were two working mixtures: 
Th e mixture for the reaction N (normal) and the mixture for 
reaction P (pathology). After that, 1 drop (25  μ l) of mineral 
oil was added to all the test tubes. Next, 5  μ l of the samples 
for analysis were deposited into the test tubes with the work-
ing mixtures for amplifi cation N (normal) and P (pathology) 
under the layer of oil. A total of 5  μ l of the diluent was also 
placed in both types of mixtures for the negative control. Th e 
test tubes were centrifuged for 3 – 5 sec at 1500 – 3000 rev/min 
at 25 °  С  on a microcentrifuge-vortex. Th e test tubes were then 
placed into a thermocycler at  �    94 °  С , and the amplifi cation 
was performed according to a special program (Table III).   

 Detection of amplifi cation products 
 Th e detection of amplifi cation products was performed using 
separation by horizontal electrophoresis in a 3% agarose gel. 

  Table II. Th e unit volume activity of radon in rooms of the exposed and control groups.  

Date of 
measurement

Number of measuring 
  points

Average unit volume activity of 
radon,   Bq/m 3 , M  �  m

Limit variation, 
  (Bq/m 3 )

Exposed group
20 December 2007 11 235    �    44 68 – 583
6 February 2008 6 415    �    53 232 – 617
4 February 2009 7 730    �    77 192 – 1285
11 February 2009 22 441    �    88 110 – 1373
2 March 2010 10 905    �    134 680 – 1143
2 March 2011 18 347    �    101 74 – 749
Control group
25 January 2011 10 64    �    13 39 – 203
14 March 2011 10 118.7    �    33 39 – 203
6 April 2011 17 119    �    27 53 – 172
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gene Val762Ala polymorphism, the h OGG1  gene Ser326Cys 
polymorphism, the  NBS1  gene Glu185Gln polymorphism, 
the  XRCC1  gene Arg399Gln polymorphism, the  XpC  gene 
Lys939Gln polymorphism, the  XpD  polymorphism Lys751-
Gln, and the  XpG  gene Asp1104His polymorphism were 
assessed. 

 Th e frequency distribution of genotypes observed did not 
diff er from Hardy-Weinberg equilibrium. 

 Analysis of the associations between polymorphisms of 
DNA-repair genes and the frequency of cytogenetic damage 
in the exposed group showed that the His/His genotype for 
the  XpG  gene Asp1104His polymorphism was character-
ized by an increased (0.80% [95% CI    �    0.53 – 1.07]) frequency 
of binucleated lymphocytes with MN in comparison with 
heterozygous (Asp/His) and homozygous carriers of the Asp 
allele (Asp/Asp) (0.69% [CI    �    0.60 – 0.79] and 0.56% [CI    �    0.49 –
 0.63], respectively). In addition, carriers of the Ala/Ala geno-
type for the  ADPRT  gene Val762Ala polymorphism, the Glu/
Gln genotype for the  NBS1  gene Glu185Gln polymorphism 
and the Lys/Lys genotype for the  XpD  gene Lys751Gln poly-
morphism were characterized by an increased frequency of 
binucleated lymphocytes with NPB (0.66% [CI    �    0.20 – 1.12], 
0.49% [CI    �    0.28 – 0.71] and 0.36% [CI    �    0.16 – 0.56]). After 
performing the FDR-correction for multiple comparisons, 
signifi cant diff erences were only observed for the follow-
ing genes: Th e  XpG  gene Asp1104His polymorphism, the 
 ADPRT  gene Val762Ala polymorphism and the  NBS1  gene 
Glu185Gln polymorphism. 

 Furthermore, carriers of the dominant model of  XpG  
gene showed a decreased frequency of binucleated lympho-
cytes with MN (0.56% vs. 0.72% by carriers of Asp/His-His/
His). Recessive model of  NBS1  gene was characterized by a 
decreased frequency of binucleated lymphocytes with NPB 
(0.05% vs. 0.43% by carriers of Glu/Glu-Glu/Gln) and reces-
sive model of  ADPRT  gene was characterized by an increased 
frequency of binucleated lymphocytes with NPB (0.66% vs. 
0.27% by carriers of Val/Val-Val/Ala). 

 Detailed results are presented in Table IV. No signifi cant 
associations between cytogenetic markers and DNA-repair 
gene polymorphisms were observed in the control group.   

 Discussion 

 As follows from the presented data, the radon concentration 
in the indoor air from the boarding school in winter exceeded 
the permissible level (200 Bq/m 3 ) for residential buildings. 
Declines in the volume activity of radon in the spring were 
measured, but in this case, even if ventilation was improved, 
the radon concentrations remained relatively high (Table II). 
Th e average volume activity of radon in the living conditions 
of the exposed group ranged from 235 – 905 Bq/m 3  in winter 
and from 200 – 347 Bq/m 3  in spring. Th e average volume 
activity of radon for the past 5 years has been 463    �    98 Bq/
m 3 , which greatly exceeds the values detected in the control 
spaces. Individual eff ective dose inhalation exposure due to 
radon isotopes and its short-lived decay products was  ∼  27 
mZv/year. 

 Th us, the living and education conditions of children 
and adolescents in this boarding school (Tashtagol) do not 

TAE (Tris, Acetate, EDTA) was used as both the gel and elec-
trode buff er. Ten microlitres of a 1% solution of ethidium 
bromide was added to 100 ml of melted agarose and mixed. 
Th e melted agarose was cooled to 50 – 60 °  C  and poured into 
the plate for hardening. 

 Next, 8 – 10  μ l of the amplifi ed PCR product was placed into 
the gel pockets according to a sequence that corresponded 
to the sample numeration. Th e electrophoretic chamber was 
connected to a power supply at the voltage corresponding 
to an intensity of the electric fi eld at 10 – 15 V per cm of gel. 
Electrophoretic separation of amplifi cation products was 
carried out in the direction from the cathode ( � ) to anode 
( � ). Th e control for electrophoretic separation was visual. 

 Following electrophoresis, the gel was removed from the 
casting and placed on the glass of a UV-transilluminator. 
Image capture was performed by a photo camera and the 
computer software GelImager.   

 Statistical methods 
 Statistical analysis was carried out using STATISTICA 7.0 
(StatSoft Software). Because the variances within distinct 
groups were not equal and the distribution of many charac-
teristics deviated from normal distribution, we decided to 
calculate the median and 95% confi dence interval (CI) for 
the median. Signifi cance diff erences between groups was 
defi ned with the Mann-Whitney U-test. To avoid the eff ect 
of multiple comparisons, FDR correction was applied. Th e 
diff erences were statistically signifi cant if  p     �    0.05.    

 Results 

 In our previous study (Sinitsky and Druzhinin 2014), we 
observed a signifi cant two-fold excess in the frequency of 
binucleated lymphocytes with MN (0.6% / 1000 binucleated 
cells) in long-term residents of areas with high radon and 
decay product concentrations in comparison with control 
samples (0.3% / 1000 binucleated cells). Th ese results indi-
cated the genotoxic infl uence on the genome. Measurements 
of gamma background radiation showed no sign of exceed-
ing the permissible level of radiation. Th ese data confi rm 
the assumption of radon ’ s leading role in the radiation load. 
Children in the control group were enrolled from a residen-
tial district not characterized by radiation and chemical 
contaminations. 

 In this work, 60 DNA samples from children living in radon 
exposure conditions and characterized by an increased rate 
of cytogenetic damage and 60 DNA samples of children from 
the control group were genotyped. As potential markers, 
polymorphisms in excision repair genes, such as the  ADPRT  

  Table III. Amplifi cation program for the DNA sample analysis.  

Temperature, ° C Time Number of cycles

94 ° Pause
93 ° 1 min 1
93 ° 10 sec 35
64 ° 10 sec
72 ° 20 sec
72 ° 1 min 1
10 ° Storage



490 M. Y. Sinitsky et al. 

comply with the standards and parameters of radiation safety; 
this group is chronically exposed to excessive doses of radon, 
which promotes some genotoxic eff ects associated with the 
increase in frequency of various cytogenetic markers. 

 Th e extent of genetic damage caused by the action of 
some genotoxic substances (including radon) on the human 
genome depends on the activity of the enzymes involved in 
DNA-repair processes. It is known that diff erent polymorphic 
variants of DNA-repair genes are associated with the activity 
of the resultant, synthesized proteins and therefore directly 
impact the effi  ciency of the repair process and the level of 
cytogenetic markers induced by the genotoxic substance. 
Th e estimate of DNA-repair gene polymorphisms allows for 
the evaluation of diff erential allele expression and individual 
susceptibility to genotoxic stress. 

  PARP1  ( ADPRT ) is the gene that encodes the chromatin-
associated protein poly(ADP-ribose)polymerase-1, which 
participates in nuclear protein modifi cation through poly 
ADP-ribosylation. Th is type of modifi cation is involved in 

the regulation of various cell processes such as diff eren-
tiation, proliferation, malignant transformation and DNA 
repair. Th ese processes are critical for genomic stability 
(Lilyestrom et   al. 2010). PARP-1 protein alterations play a 
role in the aethiopathogenesis of type 1 diabetes (Charron 
and Bonner-Weir 1999) and Fanconi anaemia (Ramirez 
et   al. 2003). It is known that the Val762Ala polymorphism 
of the  PARP1  gene is associated with prostate cancer risk 
(Lockett et   al. 2004). 

 Th e human  OGG1  (h OGG1 ) (8-oxoguanine glycosylase 1) 
gene is located on chromosome 3p26 and encodes two isoen-
zymes, namely  α -hOGG1 and  β -hOGG1, which are products 
of alternative splicing. Th e  α -hOGG1 protein is located in the 
nucleus, while the  β -hOGG1 is located in the mitochondria. 
Th e hOGG1 protein catalyses the cleavage of glycoside bonds 
between nitrogenous bases and deoxyribose, leaving abasic 
apurinic/apyrimidinic sites in the DNA strand. Th ese spaces 
are then removed, and DNA repair completes the strand with 
the participation of phosphodiesterase, DNA-polymerases 

  Table IV. Association of polymorphisms of the genes  ADPRT , h OGG1 ,  NBS1 ,  XRCC1 ,  XpC ,  XpD , and  XpG  with some cytogenetic indicators in the 
conditions of exposure to radon.  

Characteristic/  genotype Binucleated cells with MN, % Binucleated cells with NPB, % Binucleated cells with NBUD, % Proliferation index

 ADPRT  Val762Ala
Val/Val   ( n     �    29) 0.60 [0.01 – 0.11] 0.22 [0.06 – 0.37] * 0.97 [0.62 – 1.32] 1.83 [1.77 – 1.88]
Val/Ala   ( n     �    21) 0.65 [0.07 – 0.18] 0.35 [0.13 – 0.56] 0.81 [0.44 – 1.18] 1.78 [1.72 – 1.84]
Ala/Ala   ( n     �    10) 0.78 [0.02 – 0.34] 0.66 [0.20 – 1.12] *   *  * 1.13 [0.19 – 2.06] 1.74 [1.66 – 1.81]
Val/Ala-Ala/Ala   ( n     �    31) 0.69 [0.04 – 0.34] 0.45 [0.01 – 0.48] 0.91 [0.27 – 0.42] 1.76 [0.98 – 1.15]
Val/Val-Val/Ala   ( n     �    50) 0.62 [0.02 – 0.18] 0.27 [0.06 – 0.34] *  * 0.90 [0.43 – 0.87] 1.81 [1.15 – 1.65]

h OGG1  Ser326Cys
Ser/Ser   ( n     �    23) 0.66 [0.57 – 0.76] 0.42 [0.17 – 0.68] 0.94 [0.46 – 1.43] 1.80 [1.73 – 1.86]
Ser/Cys   ( n     �    28) 0.64 [0.56 – 0.72] 0.34 [0.17 – 0.52] 0.95 [0.65 – 1.26] 1.79 [1.75 – 1.84]
Cys/Cys   ( n     �    9) 0.63 [0.38 – 0.88] 0.09 [0.06 – 0.30] 0.90 [0.69 – 1.71] 1.80 [1.66 – 1.94]
Ser/Cys-Cys/Cys   ( n     �    37) 0.64 [0.47 – 0.68] 0.28 [0.11 – 0.40] 0.94 [0.26 – 1.22] 1.79 [1.54 – 1.84]
Ser/Ser-Ser/Cys   ( n     �    51) 0.65 [0.51 – 0.68] 0.38 [0.11 – 0.44] 0.95 [0.31 – 1.12] 1.79 [1.55 – 1.86]

 NBS1  Glu185Gln
Glu/Glu   ( n     �    17) 0.61 [0.51 – 0.71] 0.32 [0.09 – 0.56] 0.96 [0.40 – 1.51] 1.77 [1.70 – 1.84]
Glu/Gln   ( n     �    28) 0.65 [0.56 – 0.74] 0.49 [0.28 – 0.71] * 0.94 [0.60 – 1.27] 1.79 [1.74 – 1.83]
Gln/Gln   ( n     �    15) 0.68 [0.54 – 0.82] 0.05 [0.02 – 0.17] *   *  * 0.94 [0.31 – 1.34] 1.84 [1.74 – 1.94]
Glu/Gln-Gln/Gln   ( n     �    43) 0.66 [0.50 – 0.68] 0.02 [0.01 – 0.12] 0.94 [0.36 – 1.51] 1.80 [1.59 – 1.91]
Glu/Glu-Glu/Gln   ( n     �    45) 0.64 [0.41 – 0.68] 0.43 [0.19 – 0.56] *  * 0.94 [0.35 – 1.49] 1.78 [1.65 – 1.80]

 XRCC1  Arg399Gln
Arg/Arg   ( n     �    31) 0.67 [0.58 – 0.76] 0.39 [0.21 – 0.57] 0.76 [0.44 – 1.82] 1.77 [1.72 – 1.82]
Arg/Gln   ( n     �    21) 0.60 [0.50 – 0.70] 0.31 [0.06 – 0.57] 1.00 [0.63 – 1.37] 1.85 [1.79 – 1.91]
Gln/Gln   ( n     �    8) 0.68 [0.49 – 0.86] 0.18 [0.10 – 0.46] 1.48 [0.32 – 2.64] 1.74 [1.64 – 1.84]
Arg/Gln-Gln/Gln   ( n     �    29) 0.62 [0.52 – 0.74] 0.28 [0.09 – 0.31] 1.13 [0.71 – 1.53] 1.82 [1.26 – 1.97]
Arg/Arg-Arg/Gln   ( n     �    52) 0.64 [0.49 – 0.71] 0.36 [0.17 – 0.44] 0.86 [0.52 – 1.04] 1.80 [1.64 – 1.90]

 XpC  Lys939Gln
Lys/Lys   ( n     �    27) 0.67 [0.58 – 0.77] 0.26 [0.07 – 0.45] 0.82 [0.47 – 1.18] 1.80 [1.75 – 1.86]
Lys/Gln   ( n     �    25) 0.61 [0.53 – 0.69] 0.38 [0.18 – 0.59] 1.09 [0.66 – 1.52] 1.80 [1.74 – 1.85]
Gln/Gln   ( n     �    8) 0.69 [0.47 – 0.91] 0.50 [0.02 – 0.97] 0.93 [0.08 – 1.85] 1.75 [1.64 – 1.85]

Lys/Gln-Gln/Gln   ( n     �    33) 0.65 [0.36 – 0.83] 0.41 [0.25 – 0.62] 0.98 [0.32 – 1.29] 1.74 [1.53 – 1.89]
Lys/Lys-Lys/Gln   ( n     �    52) 0.62 [0.49 – 0.76] 0.53 [0.12 – 0.64] 1.04 [0.61 – 1.13] 1.79 [1.67 – 1.86]

 XpD  Lys751Gln
Lys/Lys   ( n     �    24) 0.65 [0.55 – 0.76] 0.36 [0.16 – 0.56] * 1.18 [0.75 – 1.60] 1.80 [1.74 – 1.85]
Lys/Gln   ( n     �    27) 0.63 [0.54 – 0.71] 0.32 [0.12 – 0.52] 0.84 [0.50 – 1.18] 1.79 [1.73 – 1.84]
Gln/Gln   ( n     �    9) 0.72 [0.51 – 0.92] 0.31 [0.20 – 0.84] * 0.40 [0.06 – 0.85] 1.83 [1.64 – 2.02]
Lys/Gln-Gln/Gln   ( n     �    36) 0.64 [0.50 – 0.87] 0.32 [0.22 – 0.56] 0.76 [0.41 – 0.98] 1.79 [1.68 – 1.92]
Lys/Lys-Lys/Gln   ( n     �    51) 0.64 [0.51 – 0.91] 0.34 [0.15 – 0.45] 1.00 [0.56 – 1.37] 1.79 [1.61 – 1.88]

 XpG  Asp1104His
Asp/Asp   ( n     �    27) 0.56 [0.49 – 0.63] *   *  * 0.37 [0.16 – 0.58] 1.00 [0.60 – 1.41] 1.80 [1.75 – 1.84]
Asp/His   ( n     �    26) 0.69 [0.60 – 0.79] * 0.34 [0.07 – 0.40] 0.95 [0.61 – 1.28] 1.80 [1.75 – 1.86]
His/His   ( n     �    7) 0.80 [0.53 – 1.07] * 0.58 [0.05 – 1.12] 0.68 [0.42 – 1.78] 1.76 [1.58 – 1.93]
Asp/His-His/His   ( n     �    33) 0.72 [0.61 – 0.85] *  * 0.31 [0.13 – 0.53] 0.89 [0.71 – 1.02] 1.79 [1.57 – 1.99]
Asp/Asp-Asp/His   ( n     �    53) 0.63 [0.42 – 0.77] 0.30 [0.12 – 0.44] 0.98 [0.77 – 1.14] 1.80 [1.66 – 1.92]

   ∗ ,  ∗∗ p < 0.05.   
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Mutations in XpG may lead to xeroderma pigmentosum and 
Cockayne syndrome (Vermeulen et   al. 1993). Th e  XpG  gene 
Asp1104His polymorphism may also be related to laryngeal 
and hypolaryngeal carcinomas (Wen et   al. 2006), as well as 
breast cancer (Kumar et   al. 2003). 

 In this study, signifi cant associations with the main cyto-
genetic parameters examined  –  frequency of binucleated 
lymphocytes with MN  –  were obtained only with the  XpG  
gene Asp1104His polymorphism. Homozygotes for the His 
allele were associated with an increase in this indicator com-
pared with heterozygous and homozygous carriers of the 
major allele (Figure 1). Th is fact may be interpreted as being 
due to the decreased functional activity of the XpG protein, 
which reduces the effi  ciency of repair and increases the 
frequency of acentric fragments which are realized in MN. 
Available data from the literature on this polymorphism are 
quite contradictory. 

 In work from Chinese researchers, signifi cant associations 
were not observed between polymorphisms in this gene and 
the level of MN in vinyl chloride-exposed workers (Qiu et   al. 
2011 , Wang et   al. 2013 ). Th is may be due to genetic diff er-
ences between the Chinese and Russian population or diff er-
ent responses of reparative systems to the infl uence of either 
chemical agents or ionizing radiation. Additionally, the 
research of Mu š  á k et   al. (2009) in which samples from resi-
dents of Slovakia were studied demonstrated that carriers of 
the Asp allele showed a signifi cant decrease in the frequency 
of chromatid-type chromosome aberrations (CA). Th is fi nd-
ing corresponds to the trend in the frequency of cells with 
MN that we observed in our investigation. In a recent study, 
an increased risk of cancer in carriers of the His/His genotype 
(Li et   al. 2014) was demonstrated. However, in the work of 
Sanyal et   al. (2004), data regarding the protective eff ect of His/
His variants of the  XpG  gene Asp1104His polymorphism were 
seen for the case of bladder cancer, and the study by Vodicka 
et   al. (2004) showed a slight increase in repair activity of this 
allele. Yet, in the research of Jeon et   al. (2003) the risk of devel-
oping lung cancer was seen for the Asp/His genotype, and a 
protective eff ect was observed for the Asp/Asp genotype. On 
the contrary, according to Rajaraman et   al. (2008) who stud-
ied the risks of long-term exposure to radiation in radiology 

and DNA-ligases. Th e hOGG1 protein is extremely important 
for cell survival in the conditions of oxidative DNA damage. 
Mutations in the h OGG1  gene may also increase the risk of 
cancer (Li et   al. 2008). According to Wang et   al. (2006), the 
Ser326Cys polymorphism in this gene can be associated 
with the suppression of DNA-repair. Signifi cant defects in 
the repair of oxidation-induced DNA alterations are also 
related to variant alleles of the h OGG1  gene Ser326Cys 
polymorphism. 

 Th e  NBS1  gene encodes a nuclear protein of the same 
name, which forms a trimeric complex with MRE11 and 
RAD50. Th is complex is involved in DNA double-strand 
break (DSB) signalling processes. NBS1 can also interact with 
the helicase WRN, which activates BER. Among many poly-
morphisms of the  NBS1  gene, the most studied is Glu185Gln, 
which may be associated with an increased risk of cancer, 
particularly breast cancer (Lu et   al. 2006, 2009). 

  XRCC1  (X-ray cross-complementing gene 1) is the major 
gene involved in BER (Vidal et   al. 2001). Th e XRCC1 protein 
also regulates the activity of DNA polymerase  β , DNA ligase 
III, PARP-1 and polynucleotide kinase. Th e three most com-
monly observed SNP in the  XRCC1  gene are Arg194Trp, 
Arg280His, and Arg399Gln. It seems to be that these poly-
morphisms aff ect gene expression and are connected with 
an increased risk of cancer, including breast cancer (Lohman 
et   al. 2003), pancreatic cancer (Duell et   al. 2002) and lung 
cancer (Ratnasinghe et   al. 2001, Ito et   al. 2004, Pachouri et   al. 
2007). 

 Th e  XpC  gene (xeroderma pigmentosum C) encodes the 
 XpC    protein, which plays a role in the early steps of global 
genome repair (GGR), particularly in the detection of DNA 
damage. It is proposed that XpC is also involved in DSBR. 
 XpC  mutations may lead to xeroderma pigmentosum, which 
is a rare autosomal-recessive disease characterized by high 
photosensitivity and increased risk of skin cancer (Ber-
nardes de Jesus et   al. 2008). Th e  XpC  gene Lys939Gln poly-
morphism, in combination with the  XRCC1  gene Arg399Gln 
polymorphism, signifi cantly increases the risk of Hodgkin ’ s 
lymphoma (El-Zein et   al. 2009) and other malignancies 
(Francisco et   al. 2008). 

 Th e  XpD  gene encodes the XpD protein, which is one of 
the subunits forming transcription factor IIH (TFIIH) and 
plays an important role in NER as part of the core incision 
machinery. Mutations in the  XpD  gene lead to defects in DNA 
repair and transcription (Evans et   al. 1997) and cause three 
syndromes in humans, namely xeroderma pigmentosum, 
trichothiodystrophy and Cockayne syndrome, along with 
other disorders such as skin hyperpigmentation induced by 
sunlight, neuronal degeneration and mental defi ciency. At 
present, there are 17 known polymorphisms of the   X pD  gene, 
and some of them may be associated with an increased risk 
of cancer (Goode et   al. 2002). According to Au et   al. (2003), 
the  XpD  gene Lys751Gln polymorphism results in certain 
defects in NER. 

 Th e  XpG  gene is located on chromosome 13q32 – 33, and 
the XpG protein plays a key role in global genome repair and 
transcription-coupled repair, which are two distinct path-
ways of NER. It has also been shown that XpG stimulates 
the activity of the DNA glycosylase NTH1, involved in BER. 

  Figure 1.     Associations between the frequency of binucleated cells with 
micronuclei (MN) (%) and polymorphisms of the  XpG  gene Asp1104His 
polymorphism ( * signifi cant at  p     �    0.05).  
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reduced sensitivity to low doses of ionizing radiation. Cur-
rently, there are no data regarding the associations between 
gene polymorphisms and some indicators of micronucleus 
tests. According to Angelini et   al. (2012), there were no signif-
icant correlations with the level of MN and polymorphisms 
of several genes, including the  NBS1  gene Glu185Gln poly-
morphism. A recent meta-analysis of 48 studies found no 
signifi cant association between the  NBS1  gene Glu185Gln 
polymorphism and the overall risk of developing cancer 
(He et   al. 2014). However, it has been found that this poly-
morphism may increase the risk of certain cancers, such as 
leukaemia and nasopharyngeal cancer. In particular, there is 
an association with an increased risk of urinary cancer but 
a reduction in the risk for cancers of the digestive system. 
Th ere have also been no previous studies about associations 
of this gene with individual radiosensitivity.   

 Conclusions 

 Th is study demonstrated an excess in the frequency of some 
cytogenetic damage (MN, NPB) in people with certain DNA-
repair gene polymorphisms in response to chronic exposure 
to radon. It was discovered that the  XpG  gene Asp1104His 
polymorphism, the  ADPRT  gene Val762Ala polymorphism 
and the  NBS1  gene Glu185Gln polymorphisms can be used 
as molecular genetic markers of increased individual radio-
sensitivity in long-term residents of areas with high radon 
and decay product concentrations.   
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