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Abstract
Objectives: To investigate the association between polymorphisms in the p53 pathway genes and chromosomal damage in 
vinyl chloride (VC)-exposed workers. Materials and Methods: Cytokinesis block micronucleus test was performed in 310 
VC-exposed workers and 149 non-exposed workers to determine chromosomal damage. The polymerase chain reaction 
and restriction fragment length polymorphism technique were used to detect six SNPs in the p53 pathway genes involved in 
the cell cycle. Results: There was a highly significant dose-response relationship between VC exposure and chromosomal 
damage. Individuals carrying the variant genotypes were at higher risk for chromosomal damage compared with their wild 
type genotype: p53rs1042522, MDM2 Del1518rs3730485, MDM2rs2279744 and GADD45Ars532446. On the other hand, 
individuals possessing the variant genotype of CDKN2A rs3088440 had significantly decreased risk compared with the 
corresponding wild-type. Conclusions: Genetic polymorphisms in P53 pathway genes may have an impact on VC-induced 
chromosomal damage.
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INTRODUCTION

Vinyl chloride monomer (VC) is commonly used in the 
plastics industry to produce polyvinyl chloride (PVC) 
which has wide usage in resins, packaging materials, and 
wire and cable coatings, among others [1]. In 1987, the In-
ternational Agency for Research on Cancer (IARC) classi-
fied vinyl chloride (VC) as a confirmed human carcinogen 
based on its association with hepatic angiosarcomas [2]. 

VC is easily absorbed through the respiratory tract and dif-
fuses into the blood. Following absorption, VC is metabolized 
by human liver cytochrome P4502E1 (CYP2E1) to the reac-
tive intermediate chloroethylene oxide (CEO). The unstable 
CEO can rearrange spontaneously to chloroacetaldehyde 
(CAA) [3]. Both of these metabolites interact with DNA 
to form DNA adducts and induce errors during DNA and 
RNA synthesis. Previous studies showed that VC exposure 
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physiological stress, as well as to have a role in develop-
ment and carcinogenesis [9]. GADD45A induction follow-
ing DNA damage is rapid, transient and dose-dependent. 
GADD45A may play a role as an upstream effect factor in 
p53 stabilization following DNA damage [10].
The cytokinesis-block micronucleus (CBMN) assay is 
the most reliable method for measuring the micronuclei 
(MN) in peripheral blood lymphocytes (PBLs). In this 
assay, PBLs are induced to divide in vitro in culture, and 
MN are scored in cells that have completed one nuclear 
division; these cells are recognized by their bi-nucleated 
(BN) appearance after cytokinesis is inhibited by cyto-
chalasin-B. The CBMN method can reliably assess chro-
mosome dama ge, including chromosome breakage and 
chromosome loss from occupational and environmental 
exposures. Some investigations have demonstrated that 
the frequency of MN is increased in the lymphocytes of 
individuals occupationally exposed to VC [11].
Previously, we conducted investigations of the genotoxic-
ity of VC and the effect of genetic polymorphisms of genes 
involved in metabolism and DNA repair [11–13]. To the 
best of our knowledge, there have been few investigations 
of the effect of genetic polymorphisms of genes involved 
in cell cycle on CBMN frequencies in VC workers. There-
fore, the aim of the present study was to determine whether 
p53 pathway polymorphisms involved in the cell cycle (p53 
ins/del (rs17878362), p53 Arg72Pro C > G (rs1042522), 
MDM2 Del1518 (rs3730485), MDM2 SNP309 T > G 
(rs2279744), CDKN2A G > A (rs3088440), and GAD-
D45A T > C (rs532446) modified chromosomal damage 
in VC-exposed workers.

MATERIALS AND METHODS

Study subjects and epidemiological data
After obtaining appropriate informed consents, we con-
ducted personal interviews with structured questionnaires 
among the current workers of two PVC polymerization 

is associated with increased genotoxicity in humans such 
as chromosome aberrations, micronuclei (MN) and DNA 
strand breaks [4]. However, individual variations in response 
to the exposure have been noticed, and these variations may 
be due to genetic differences in the formation or removal 
of VC-DNA adducts. Susceptibility to genotoxicity may be 
modulated by the genetic polymorphisms of metabolic en-
zymes, DNA repair proteins and cell-cycle control proteins.
The p53 pathway is composed of a network of genes that 
respond to a variety of intrinsic and extrinsic stress signals 
that affect cellular mechanisms monitoring DNA replica-
tion, chromosome segregation and cell division. The p53 
gene is a tumor suppressor gene that plays a central role in 
preventing carcinogenesis by acting as a transcription fac-
tor to induce cell cycle arrest and apoptosis. It is one of the 
most intensely studied human genes and is often called the 
“guardian of the genome”. The MDM2 protein is a cellular 
inhibitor of p53 that can bind the transactivation domain of 
p53 and down-regulate its ability to activate transcription 
[5]. The MDM2 gene is positively regulated by p53-mediat-
ed transcription forming a negative feedback loop to keep 
both proteins at normal levels. Recent data have suggested 
that dephosphorylation of MDM2 ser394 regulates attenu-
ation of the p53-mediated response to DNA damage, and 
phosphorylation of MDM2 by ATM following DNA dama-
ge is necessary for p53 stabilization [6]. 
In the pathway triggered by aberrant growth signals, such 
as the oncogenes Ras or Myc, activation of the p53 net-
work in humans depends on a protein called CDKN2A/
p14ARF [7]. CDKN2A is a potent tumor suppressor that 
regulates the activities of the retinoblastoma protein 
and the P53 transcription factor. The CDKN2A protein 
binds to the MDM2 protein and negatively modulates its 
ubiquitin ligase activity, increasing the levels of p53 [8]. 
Gadd45A (growth arrest and DNA damage-induced45, 
alpha) is a DNA damage-responsive gene, which has been 
shown to participate in cell cycle arrest, DNA repair, cell 
survival and apoptosis in response to environmental and 
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repeated at least 10% of the samples to verify the results, 
and the results were 100% concordant.

Exposure assessment
VC air samples were collected at different worksites in the 
VC polymerization plants and analyzed by gas chromatog-
raphy to determine VC air concentrations of the various 
worksites and estimate the cumulative exposure dose for 
each worker. We were able to calculate the cumulative ex-
posure dose for each worker using the following equation:

 Cumulative exposure dose (mg) =  
 = ∑ (C×M×T×A×70%/106) 

(1)

where: 
C – the geometric mean of the VC exposure concentration 
(in mg/m3) for each month in a given workplace (calculated for 
all worksites); 
M – the number of exposure months in a year for each VC 
worker; 
T – duration of exposure per month (for 2 h exposure time 
during each working day, 20 days per month, for example, 
T = 2400 min exposure time per month); 
A – alveolar ventilation (male average = 6500 ml/min, female 
average = 4300 ml/min, assuming 30% dead space).

Genotyping of cell cycle control genes
The genotypes were determined by the polymerase chain re-
action and restriction fragment length polymorphism (PCR-
RFLP) method. Primers, amplified fragments, restriction 
patterns, and restriction enzymes used are listed in Table 1. 
The P53 rs17878362 polymorphism consists of 16-bp du-
plication in intron3. As a type of length of deletion (Del)/
insertion (Ins) polymorphism, the models of WW: Ins/Ins, 
WM: Del/Ins and MM: Del/Del were detected. The P53 
rs1042522 (Ex4+119C > G: C and G alleles) polymorphism 
displays substitution of C to G in codon 72 of exon4 of 
the P53 gene, changing the amino acid from proline (Pro) to 
arginine (Arg) in the proline-rich domain of the P53 protein. 
MDM2 SNP309 polymorphism, a 121-bp PCR product was 

plants in Shanghai, China. The questionnaire included de-
mographics, lifestyle, and occupational history. Smoking 
and drinking statuses were simple binary variables (yes or 
no). All subjects included met the following criteria: 
 – completed the questionnaire, 
 – provided a blood sample, 
 – completed CBMN tests and genotyping for all candi-

date genes. 
The design and implementation of our study were ap-
proved by the Ethical Review Board of the School of Pub-
lic Health, Fudan University.
Workers who had been exposed to VC for at least 1 year 
were defined as the exposed group, and logistic service 
workers and managers in the same factories who had not 
been exposed to VC or other occupational toxicants were 
defined as the non-exposed group. A total of 459 work-
ers were included, with 310 in the exposed group and 149 
in the non-exposed group, respectively. The age of the 
exposed group ranged from 20 to 59 years, (mean: 36.01 
years). The age of the controls ranged from 24 to 60 years 
(mean: 44.91 years).

CBMN assay
The CBMN assay was performed according to the stan-
dard method described by Fenech [14]. Blood samples 
were collected by venipuncture in heparinized tubes and 
sent to a laboratory within a few hours of collection. 
A 0.5 ml sample of heparin-anticoagulated whole blood 
was added to 4.5 ml of the medium (RMRI1640). Cyto-
chalasin-B (Sigma-Aldrich, St. Louis, MO) was added to 
each cell culture after 44 h at a concentration of 6 μg/ml. 
After 28 h, cultured lymphocyte cells were harvested 
and fixed with methanol and acetic acid at 4:1, and then 
the fixed cells were transferred to a glass slide. For the 
evaluation of chromosomal damage in each studied in-
dividual, 1000 bi-nucleated (BN) lymphocytes with well-
preserved cytoplasm were scored blindly by the same 
reader. In order to maintain quality control, we randomly 
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ng of genomic DNA was amplified by GeneAmp 9600 (Perk 
in Elmer Corp, Waltham, MA) in a total volume of 15 μl 
consisting of 0.4 μl for each primer, 7.5 μl of 2×PCR Mix 
and 5.7 μl of ddH2O. 
The PCR program was a five-minute denaturation step 
at 95°C; 35 cycles of 94°C for 30–50 s, 55–59°C for 30–50 s, 
and 72°C for 30–50 s (according to the length of the frag-
ment amplified), respectively; followed by the final exten-
sion step at 72°C for 10 min. The PCR products were di-
gested at 37°C for 16 h by the corresponding restriction 
enzymes, and the digested PCR products were then ob-
served under a UV imaging system (Gel Doc 2000, Seg-
rate, Milan, Italy). For quality control, at least ten percent 
of DNA samples were selected randomly for repetition of 
the procedures, and the concordance was 100%.

digested by PstI, the wild-type (SNP309T) allele produces 
a single 121-bp fragment and the variant (SNP309G) allele 
produces 2 fragments of 104- and 17-bp. For the Del1518 
polymorphism, the primers were designed to perform direct 
PCR amplification. The 216-bp fragment containing the 40-
bp insertion was assigned as W, and the 176-bp fragment 
without the insertion was assigned as M. In the GADD45A 
polymorphism, the wild-type (T) allele produces a single 432-
bp fragment and the variant (C) allele produces 2 fragments 
of 306- and 126-bp. Cyclin-dependent kinase inhibitor (CD-
KN2A) is an important tumor suppressor gene, p14ARF is 
an alternate reading frame (ARF) product of the CDKN2A 
locus. In the CDKN2A polymorphism, the G allele pro-
duced two fragments of 108-bp and 35-bp or the variant (A) 
allele produced a single 143-bp fragment. Approximately 50 

Table 1. Primers and restriction enzymes used for genotyping various single-nucleotide polymorphisms (SNP)  
in cell cycle control genes 

SNPs Primer sequences Restriction 
enzymes

Length
(bp)

Fragment size
(bp)

P53intron3 (rs17878362) F: TGGGACTGACTTTCTGCTCTT
R: TCAAATCATCCATTGCTTGG

– 196/180a WW: 180
WM: 180, 196
MM: 196

p53Arg72Pro C > G(rs1042522) F: GTCCCAAGCAATGGATGAT
R: CAAAAGCCAAGGAATACACG

Bsh1236I 551 CC: 551
CG: 551, 443, 108
GG: 443, 108

MDM2Del1518 (rs3730485) F: TTCTGGTAGGCTGGGAAGCG
R:TGCGGTCTCATAAATTGAGGACAT

– 216/176b WW: 216
WM: 216, 176
MM: 176

MDM2SNP309 T > G(rs2279744) F: GATTTCGGACGGCTCTCGCGGC
R: CATCCGGACCTCCCGCGCTG

PstI 122 TT: 121
TG: 121, 104, 17
GG: 104, 17

GADD45AT>C (rs532446) F: GCGAGAACGACATCAACA
R: TTAGTCACGGGAGGCAGT

MvaI 432 TT: 432
TC: 432, 306, 126
CC: 306, 126

CDKN2AG>A (rs3088440) F: GCCTGTTTTCTTCTGCCCTCTG
R: CGAAAGCGGGGTGGGTGT

Bsu RI 143 GG: 108, 35
GA: 143, 108, 35
AA: 143

a The P53 rs17878362 polymorphism consists of 16-bp duplication in intron3. As a type of length of deletion (Del) / insertion (Ins) polymorphism,  
the models of WW: Ins/Ins, WM: Del/Ins and MM: Del/Del were detected. 
b For the Del1518 polymorphism, the primers were designed to perform direct PCR amplification. The 216-bp fragment containing the 40-bp insertion 
was assigned as W, and the 176-bp fragment without the insertion was assigned as M.
TT – wild-type; TG – heterozygote; GG – varient; TC – heterozygote; CC – varient; GA – heterozygote; AA – variant.
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RESULTS

Subject characteristics and risk estimates  
for demographic and lifestyle factors
Table 2 shows the distribution of subjects’ characteris-
tics and the MN frequency. In the VC non-exposed 
group, females had a lower MN frequency than males 
(FR = 0.72, 95% CI: 0.53–0.97, p = 0.03). No obvious 
differences were observed in terms of age, smoking 
status and alcohol drinking. In the exposed group, sub-
jects aged over 35 years who were smokers had a higher 
risk than younger non-smokers (FR = 1.74, 95% CI: 
1.56–1.93, p < 0.001; FR = 1.33, 95% CI: 1.20–1.47, 
p < 0.001, respectively). In terms of gender and alcohol 
drinking, there was a slight increase in the female group 
and the group drinking alcohol, but it was not statisti-
cally significant.

Statistical analysis
All statistical analyses were made using SAS software package 
(version 9.1). The Hardy–Weinberg equilibrium was tested 
for all genotypes. The influences of individual characteristics, 
cumulative exposure dose (CED), genotypes and interaction 
on the frequencies of CBMN cells per 1000 binucleated cells 
were determined using univariate and multiple Poisson re-
gression analyses. All variables were transformed to categori-
cal ones, with age division into ≤ 35 year and > 35 year, and 
CED being ranked in quartiles. The mean frequency ratio 
and its 95% confidence interval were estimated using:

 FR = eβ (e = 2.71828) (2)

where:
β – the regression coefficient in the Poisson model;
FR – indicated the ratio of the mean MN frequency in a study 
group compared with a reference one. 

Table 2. Micronuclei (MN) frequency among the VC-exposed workers, controls and the related risk estimates of various 
demographic characteristics

Variables
Control Exposed

n MN±SD
(‰) FRa (95% CI) n MN±SD

(‰) FR (95% CI)

Age (years)
≤ 35 10 1.70±1.70 1 151 3.50±2.60 1
> 35 139 1.24±1.42 0.73 (0.44–1.20) 159 6.09±3.75 1.74 (1.56–1.93)**

Gender
male 88 1.44±1.33 1 246 4.42±3.27 1
female 61 1.03±1.57 0.72 (0.53–0.97) 64 4.94±3.54 1.12 (0.98–1.27)

Smoking
no 113 1.20±1.20 1 147 4.12±3.25 1
yes 36 1.50±2.04 1.25 (0.91–1.71) 163 5.47±3.58 1.33 (1.20–1.47)**

Drinking
no 119 1.19±1.39 1 165 4.79±3.53 1
yes 30 1.60±1.63 1.34 (0.97–1.86) 145 4.96±3.46 1.04 (0.94–1.15)

Total 149 1.28±1.44 1 310 4.83± 3.49 3.79 (3.26–4.11)*

VC – vinyl chloride; SD – standard deviation; FR – frequency ratio; CI – confidence interval. 
a Refers to frequency ratio.
* FR of the total 310 exposed workers compared with 149 controls, p < 0.001.
** In the VC-exposed workers, FRs of older workers compared with the younger ones, and of smokers compared with the non-smokers, p < 0.001.
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the MN distribution of various genotypes, as well as the 
crude and adjusted FR (adjusted for age, gender, smoking 
and alcohol drinking status, as well as CED). 
Except the p53 Arg72Pro gene polymorphism, all of the 
other 4 SNPs showed that the variant heterozygote and 
the variant homozygote were at higher risk for chromo-
somal damage compared with their wild-type genotype: 
 – p53rs17878362 (FR = 1.75, 95% CI: 1.57–1.95, 

p < 0.001); 
 – MDM2 Del1518 rs3730485 (FR = 1.44, 95% CI: 1.27–

1.63, p < 0.001); 
 – MDM2 rs2279744 (FR = 1.92, 95% CI: 1.65–2.25, 

p < 0.001);
 – GADD45Ars532446 (FR = 1.27, 95% CI: 1.12–1.43, 

p < 0.001).
On the other hand, individuals carrying the CDKN2A 
rs3088440 GA +AA genotype had a reduced risk com-
pared with those carrying the wild-type GG genotype 
(FR = 0.63, 95% CI: 0.56–0.70, p < 0.001). 

VC exposure levels and genotypes  
had an effect on the MN frequencies 
The multiple Poisson analysis was used to examine the po-
tential effects of CED and gene polymorphisms with ad-
justment for age, gender, smoking, and drinking (Table 5). 

VC exposure increased the MN frequencies
Based on CED (range: 16.78–272 247.29 mg), all subjects 
were stratified into 5 levels of approximately equal size 
among the 4 levels of exposure: 
 – level 0 (non-exposed), 
 – level 1(≤ 637 mg), 
 – level 2 (637–4566 mg), 
 – level 3 (4566–13 000 mg), 
 – level 4 ( > 13 000 mg). 

The results of the univariate analysis of CED and MN 
(Table 3) showed that the MN frequency was significantly 
elevated for all levels of exposure (level 1 to level 4) com-
pared with the non-exposed one (level 0): 
 – for level 1 (FR = 2.32, 95% CI: 1.80–3.01, p < 0.001), 
 – for level 2 (FR = 3.18, 95% CI: 2.50–4.06, p < 0.001), 
 – for level 3 (FR = 3.85, 95% CI: 3.06–4.88, p < 0.001), 
 – for level 4 (FR = 5.83, 95% CI: 4.69–7.30, p < 0.001). 

After adjusting for age, gender, smoking and alcohol 
drinking, the results of the multivariate Poisson regression 
analyses were highly consistent with the crude results. 

MN frequencies related to the genotype  
in the VC-exposed workers 
The genotype distributions at each locus were consistent 
with the Hardy–Weinberg equilibrium. Table 4 displays 

Table 3. Micronuclei (MN) frequency and the related risk estimates of VC-exposed workers and controls at different levels of 
cumulative exposure dose

Exposure level CEDa

(mg)
Workers

(n)
MN±SD

(‰)
FR 

(95%CI)
FRb 

(95%CI)
0 0 149 1.28±1.44 1.00 1.00
1 ≤ 637 78 2.96±1.98 2.32 (1.80–3.01)* 2.74 (2.19–3.45)*
2 637–4 566 77 4.05±2.93 3.18 (2.50–4.06)* 3.59 (2.93–4.41)*
3 4 566–13 000 78 4.91±3.19 3.85 (3.06–4.88)* 4.27 (3.54–5.16)*
4 > 13 000 77 7.43±3.94 5.83 (4.69–7.30)* 6.03 (5.06–7.23)*

a CED – cumulative exposure dose, refers to cumulate exposure dose. The workplace CED was calculated according to the equation, which was de-
scribed in materials and methods. 
b Refers to the frequency ratio. FRs were adjusted for age, gender, smoking and alcohol drinking status.
* Compared with the controls, p < 0.001.
Other abbreviations as in Table 2.
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95% CI: 0.38–0.83, p < 0.05; FR = 0.60, 95% CI: 0.42–
0.84, p < 0.05, respectively) compared with those carrying 
the GG genotype.

DISCUSSION

The aim of this study was to explore the association be-
tween polymorphisms of DNA cell cycle genes and chro-
mosomal damage induced by VC. Our results confirmed 
that VC exposure is associated with the risk of chromo-
somal damage as determined by the MN assay. Moreover, 
age and smoking had an effect on chromosomal damage. 
We also observed that some of the gene polymorphisms 

Individuals carrying the MDM2 SNP309 TG+GG geno-
type had an effect on level 1, level 2, level 3 and level 4 of 
CED (FR = 1.56, 95% CI: 1.00–2.34, p < 0.05; FR = 2.62, 
95% CI: 1.65–4.15, p < 0.001; FR = 1.95, 95% CI: 1.24–
3.05, p < 0.05; FR = 2.81, 95% CI: 1.72–4.66 p < 0.001, 
respectively) compared with the individuals with the wild-
type TT genotype. 
For the GADD45A gene polymorphism, an obvious inter-
action was only observed for level 4 CED, and subjects 
with the CT and CC alleles had a higher risk than the TT 
subjects (FR = 1.54, 95% CI: 1.06–2.22, p < 0.05). Indi-
viduals carrying the gene CDKN2A GA and AA geno-
types had an effect on level 2 and level 4 CED (FR = 0.56, 

Table 4. Distribution of micronuclei (MN) frequency and the related risk estimates among VC-exposed workers by the genetic 
polymorphism of cell cycle control genes

Genotype Workers
(n)

MN±SD
(‰)

FR 
 (95%CI)

FRa 

(95%CI)
p53intron3 (rs17878362)

WW 168 3.54±3.27 1.00 1.00
WM+MM 141 5.92±3.31 1.67 (1.50–1.86)* 1.75 (1.57–1.95)*

p53Arg72Pro(rs1042522)
CC 233 5.01±2.94 1.00 1.00
CG+GG 76 4.79±3.65 0.95 (0.85–1.07) 0.92 (0.82–1.04)

MDM2Del1518(rs3730485)
WW 219 3.88±3.19 1.00 1.00
WM+MM 83 5.11±3.53 1.32 (1.17–1.49)* 1.44 (1.27–1.63)*

MDM2309(rs2279744)
TT 232 2.47±2.15 1.00 1.0
TG+GG 78 5.63±3.49 2.27 (1.96–2.65)* 1.92 (1.65–2.25)*

GADD45A (rs532446)
TT 214 4.09±3.16 1.00 1.00
CT+CC 82 5.04±3.61 1.23 (1.09–1.40)* 1.27 (1.12–1.43)*

CDKN2A (rs3088440)
GG 169 6.19±3.48 1.00 1.00
GA+AA 102 3.93±3.35 0.64 (0.57–0.71)* 0.63 (0.56–0.70)*

WW – Ins/Ins; WM – Del/Ins; MM – Del/Del.
a Refers to the frequency ratios. FRs were adjusted for age, gender, smoking and alcohol drinking status, and the cumulative exposure dose.
* Compared with major alleles for each genotype case, p < 0.001.
Other abbreviations as in Table 2.
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involved in the p53-pathway may have an impact on indi-
vidual susceptibility to DNA damage.
The CBMN assay used in this study is the preferred 
method for measuring MN in cultured human cells. The 
key advantage of the micronuclei is that they are easier 
to observe and count, and the methodology is simple and 
facilitates rapid cells assessment. Micronuclei come from 
chromosome fragments that are not included in the main 
nuclei. This technique uses cytochalasin-B, which arrests 
division of the cytoplasm or cytokinesis without inhibiting 
nuclear division, so it enables such cells to be recognized 
by their binucleate appearance [15]. Therefore, the MN 
represents chromosome breakage and chromosome loss. 
In our study, the results showed that workers exposed to 
VC had significantly higher MN frequencies than the con-
trols. The results of univariate Poisson regression analy-
ses indicated that older workers ( > 35 year) and smoking 
workers had higher MN frequencies. No significant differ-
ence in the MN frequency was detected in association with 
the alcohol drinking status or gender, but the associations, 
if any, may have been masked by the magnitude of the as-
sociation with VC exposure or the limited number of fe-
male workers in the VC-exposed group.
The tumor suppressor p53 gene is the most frequently 
mutated gene in human cancer and has been implicated 
in maintaining genomic fidelity by controlling cellular re-
sponse to genotoxic stress [10]. The 16 bp insertion and de-
letion polymorphisms (rs17878362) in intron3 may partici-
pate in the regulation of the p53 expression and thus play a 
role in the stability of the p53 protein. It has been reported 
that mutations and deletions of the p53 gene can increase 
the hepatocellular carcinoma (HCC) risk [16]. The presence 
of the biomarkers for variant p53 was found to be highly 
significantly associated with cumulative VC exposure [17]. 
Thus, genetic polymorphisms in p53 have been thought to 
be possible biomarkers of susceptibility to VC. In our study, 
we found that individuals with the deletion allele were sub-
jected to a higher risk than those with the insertion allele Ta
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of p53. Thus, genetic alteration of CDKN2A may affect 
cell cycle regulation and apoptosis by disrupting the p53 
pathway [24]. Researchers have observed that CDKN2A 
polymorphisms were associated with a moderately but sig-
nificantly increased risk of developing a second primary 
malignancy for patients who had an index squamous cell 
carcinoma of the head and neck [25]. However, in our 
study, the workers who possessed the variant genotypes 
had a significantly decreased risk of the MN frequency 
compared with the workers with the corresponding homo-
zygous wild-type genotype. This is perhaps due to the fact 
that the CDKN2A gene can interact with several different 
proteins and transcription factors or due to the existence 
of the combined effect of other CDKN2A polymorphisms 
that were not accounted for.
GADD45A is a genotoxic stress-responsive gene induced 
by a wide spectrum of DNA-damaging agents including 
IR, UV and many alkylators [26]. Regulation of GAD-
D45A induction after DNA damage is complex and may 
involve both p53-dependent and independent signaling 
pathways. Abnormal GADD45A expression levels have 
been observed in resectable invasive pancreatic ductal 
carcinomas, and GADD45A is frequently mutated, which 
combined with the p53 status affects the survival of these 
patients [27]. One study has shown that the GADD45 pro-
teins can act as sensors of oncogenic stress in breast car-
cinogenesis [28]. In the present study, a SNP in the GAD-
D45A gene, a T-to-C change in intron 3 (rs532446) was 
significantly associated with the MN frequency. There-
fore, this GADD45A polymorphism may also be involved 
in the susceptibility to DNA damage induced by VC.
Genotoxicity is a complex process involving interactions 
between multiple factors of endogenous and exogenous 
origin. Although genetic polymorphisms alone can play 
an important role in the development of diseases, most 
chronic and complex illnesses are likely to be caused by in-
teractions between environmental exposures and genetic 
polymorphisms. 

(FR = 1.75, 95% CI: 1.57–1.95, p < 0.001). A common 
polymorphism at codon72 (Arg72Pro, rs1042522) of the 
p53 gene has recently been reported to be a risk factor for 
some cancers and chronic diseases like the coronary artery 
disease [18]. However, there were no associations noted be-
tween the MN frequency and the Arg72Pro polymorphism 
in our study after the adjustments for age, gender, smoking 
status, alcohol drinking and cumulative VC exposure. Our 
findings support previous data showing lack of an associa-
tion between the p53 Arg72Pro polymorphism and the MN 
frequency [12]. 
The p53 protein is regulated by an ubiquitin ligase, the 
MDM2 protein, which binds to p53, blocking its function 
as a transcription factor, and targeting the p53 protein 
for mediated degradation. In the MDM2 gene, a SNP 
(SNP309) results in a nucleotide change from the wild-
type thymine (T) to guanine (G) in the intronic promoter/
enhancer region [19]. Previous studies have indicated that 
this G allele of SNP309 is correlated with higher levels of 
MDM2 RNA and the protein, which increases the risk for 
tumorigenesis [20,21]. 
In agreement with these findings, our study also found 
a significant increase in the MN frequency in the pre sence 
of a variant allele of the MDM2 SNP309 (rs2279744) 
polymorphism in VC-exposed workers. MDM2 Del1518 is 
a 40-bp insertion/deletion polymorphism at a constitutive 
promoter of MDM2, which can influence the gene tran-
scription. This polymorphism has been studied in relation 
to cancer and chronic benzene poisoning [22,23]. Our re-
sults suggested that the MDM2 Del1518 polymorphism 
had an effect on susceptibility to VC. The VC-exposed 
workers carrying the Del1518 WM+MM genotype had 
a 1.44 fold increased risk of the MN frequency compared 
with those carrying the Del1518 WW genotype.
The CDKN2Agene interacts directly with MMD2, sup-
pressing the ubiquitin ligase activity of MDM2, and con-
sequently inhibiting MDM2-mediated degradation of p53. 
Such interaction results in stabilization and accumulation 
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