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INTRODUCTION
Vinyl chloride (VC) is a gas used in the plastics indus-

try to produce PVC. In 1974 the carcinogenicity of VC 
has been recognized on the basis of the experimental 
evidence in rodents and on the unfortunate high number 
of case reports of liver hemangiosarcomas (ASL) in oc-
cupationally exposed workers. In light of the discovery 
of the carcinogenicity of VC the exposure levels were 
drastically reduced arriving at the current levels of ≤1 
ppm. Decades after the discovery of the VC’s carcino-
genicity an important issue is the protection of those 
subjects who worked in VC polymerization plants in 
the 1960s, when VC exposure levels were still high. An 
example is the polymerization plant of Porto Marghera, 
near Venice. A follow-up study conducted by Pirastu et 
al. [1] on a total of 1658 workers employed in this plant 
from start of production (1950), reported a mortality 
from all malignant neoplasms similar to expected but a 
significantly increased risk for primary liver cancer. This 
study confirmed the causal relationship between Vinyl 
Chloride Monomer (VCM) exposure and liver angiosar-
coma but also indicated an excess risk for hepatocellular 
carcinoma (HCC) and liver cirrhosis as well as lung can-
cer among specific categories of workers.

In 2000 the author of this paper was asked by Dr. 
Casson to provide scientific advice on the molecular 

mechanisms of carcinogenesis of VC within the legal 
action against Montedison-Enichem, the owner of the 
VC plant in Porto Marghera. In that occasion she had 
the great pleasure of working with Prof. Romano Zito, 
to whom this issue of Annali dell’Istituto Superiore 
di Sanità is dedicated. He provided his expertise and 
knowledge on the metabolism and toxicokinetics of 
VC as well as on experimental carcinogenesis studies. 
In this review the current knowledge of the mecha-
nisms of carcinogenesis of VC will be presented. The 
major issues have been discussed at great length with 
Romano in the course of frequent and unforgettable 
meetings when preparing the final report.

METABOLISM OF VC
VC is known to be rapidly metabolized to generate 

reactive metabolites that react with protein, DNA and 
RNA. The most reactive metabolites are chloroethyl-
ene oxide (CEO) and its derivative chloroacetaldeyde 
(CAA) [2]. The reaction products of these intermediates 
with nucleic acids are the same [3] and, as expected, 
the mutagenic activity is similar [4]. However, CEO 
reacts with DNA much more rapidly than CAA and 
thus it is considered the relevant ultimate electrophile 
of VC. CEO is formed mainly by the cytochrome P-
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450 (CYP) isoenzyme CYP2E1 [5, 6], while epoxide 
hydrolase and glutathione-S-transferase are involved 
in its detoxification [7]. Human genetic polymorphisms 
in these genes might affect the genotoxicity of VC and 
therefore cancer risk in VC exposed workers. What are 
the reaction products with DNA? Targets for modifica-
tion are guanine, adenine and cytosine moieties (Figure  
1). 7-(2-oxoethyl)-guanine is the predominant DNA 
product [8, 9], although of minor biological relevance 
[10]. Etheno(ε)-adducts such as 1,N6-ethenoadenine 
(εA), 3,N4-ethenocytosine (εC), N2,3-ethenoguanine 
(N2,3-εG), and 1,N2-ethenoguanine (1,N2-εG) are also 
produced in cellular DNA by reaction with oxidised me-
tabolites of VC [8, 9]. These adducts are promutagenic 
(reviewed in [11]). By comparison of the adduct profile 
of VC and 2,2’-dichloroethyl ether, that produces only 
CAA as metabolite, it has been concluded that the bio-
logically relevant metabolite of VC is indeed CEO [12, 
13]. Epoxides are decisive for DNA binding but they 
are very unstable. It is likely that VC biotransformation 
into CEO occurs in the hepatocytes thus allowing the 
epoxide to reach and hit the adjacent sinusoidal lining 
cells that are the target for angiosarcomas.

DNA ADDUCTS AND REPAIR
7-(2-oxoethyl)-guanine constitutes 98% of total ad-

ducts but it is not mutagenic. By contrast, ε-adducts 
are clearly miscoding. ε-adducts are also produced 
by endogenous processes through the interaction of 
lipid peroxidation (LPO)-derived aldehydes and hy-
droxyalkenals. They have been found in DNA isolated 
from tissues of nonexposed humans and rodents [14, 
15]. In particular, in human tissues the levels of εA 

reported range between 0.011-0.85/106 nucleotides 
(depending on the technique used), the levels of εC 
0.012/106 nucleotides and the levels of N2,3-εG between 
0.02-0.033/106 nucleotides. However, the levels of 
these adducts were significantly increased by agents 
contributing to lipid peroxidation and oxidative 
stress such as VC. This has been clearly shown by 
Morinello et al. [16, 17] who analysed N2,3-εG levels 
over a long period of time and a broad range of VC 
doses in different organs of exposed rats. For instance 
increases of 10 to 100 times over background in the 
levels of N2,3-εG were detected in hepatocytes of 
treated mice depending on the exposure regimen. 
There was no statistically significant difference in the 
adduct concentration between hepatocytes and non-
parenchymal cells (the target cells for angiosarcomas) 
indicating that besides adduct concentration specific 
factors (for instance differential cell proliferation) 
are responsible for cell specificity in susceptibility to 
VC-induced carcinogenesis. 

The base excision repair (BER) pathway is involved 
in the removal of ε-adducts, with DNA glycosylases be-
ing the key enzymes of this pathway (reviewed in [18]). 
They remove ε-adducts from DNA by hydrolysing the 
N-glycosidic bond between the damaged base and deox-
yribose, leaving an abasic site in DNA. AlkA protein of 
Escherichia coli catalyses the excision of N2,3-εG and εA 
[19], although its main substrate are alkylated bases. The 
alkyl-N-purine-DNA glycosylase (ANPG) is the human 
counterpart of E. coli AlkA and releases alkylated bases 
as well as hypoxanthyne and εA [20]. In contrast with 
AlkA, ANPG is also able to excise from DNA 1,N2-εG 
[21]. The E. coli MUG protein removes various ε−bases: 
εC and 1,N2-εG [22]. MUG was initially characterised as 
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an enzyme specific for removal of uracil from G:U mis-
matches but later it was shown that its primary function 
is the repair of εC. The human thymine DNA glycosylase 
(hTDG), the homologue of the E. coli MUG, exhibits 
wide substrate specificity including, besides T mispaired 
with G, also εC [22, 23] and mismatched uracil. Recently 
other two human enzymes able to excise εC have been 
identified: methyl-CpG binding domain protein (MBD4/
MED1) [24] and single-stranded monofunctional uracil 
DNA glycosylase (SMUG1) [25], but their εC- DNA 
glycosylase activity is weak as compared with hTDG. 
Mammalian cells can repair ε−adducts by BER initi-
ated by the abovementioned DNA glycosylase in vivo, 
but recently an additional pathway has been involved in 
the protection against ε-lesions. The discovery has been 
stimulated by the observation that E. coli induced for the 
adaptive response are resistant to induction of mutation 
by the VC metabolite CAA. One of the genes involved 
in adaptive response is alkB whose gene product AlkB 
couples the oxidative decarboxylation of α-ketoglutarate 
with hydroxylation of 1-alkylpurines and 3-alkylpyri-
midines to yield lesion-free DNA [26, 27]. Essigmann’s 
group discovered that etheno DNA base lesions, that are 
produced by CAA, are indeed repaired by the AlkB pro-
tein of E. coli [28]. As mentioned above AlkA can also 
repair εA and it is likely that AlkA and AlkB have special-
ized niches (for istance AlkB but not AlkA repairs dam-
aged single-stranded DNA at a physiologically relevant 
rate). The mechanism that has been proposed for reversal 
of εA and εC by AlkB (Figure 2) involves epoxidation 
of the exocyclic double bond with subsequent epoxide 
ring opening and, ultimately, liberation of the dialdehyde 
glyoxal. In mammals, the corresponding AlkB homologs 
may defend the genome against the deleterious effects of 
oxidative stress.

The fact that etheno-adducts are recognised and excised 
with high efficiency by various DNA repair proteins sug-
gests that these enzymes may constitute important con-
tributors to genetic stability

GENOTOXICITY OF VINYL CHLORIDE
Studies conducted in Salmonella typhimurium re-

vealed that VC and its metabolites, CEO and CAA are 
mutagenic, and in particular induce base pair substitu-

tions mainly G>A transitions and G>T transversions 
[29, 30]. In E. coli CEO induced various types of base 
pair substitutions, mainly G>A transitions and to a 
lesser extent A>T transversions [31].

Gene mutations by base pair substitution induced 
by VC, urethane and their reactive metabolites were 
also described in a variety of test systems including 
Drosophila, yeast, mammalian cells and rodents. In ad-
dition to mutations other genotoxic effects were reported 
such gene conversion, sister chromatid exchanges, mi-
cronuclei, mitotic recombination, chromosomal aber-
rations and cell transformation [32]. Few molecular 
analysis of VC induced mutations have been done. The 
mutagenic potential of CAA, the ultimate carcinogenic 
form of VC, was analyzed in human cells using a shut-
tle vector containing the supF gene [33]. More than half 
of the single base pair substitutions were G>A transi-
tions. The majority of the mutations involved G:C bp 
in 5’AAGG3’ or 5’CCTT3’ sequences suggesting se-
quence specificity in VC-induced mutagenesis. A report 
on hprt mutational spectrum of VC, CEO and CAA in 
human B-lymphoblastoid cells [34] indicated that VC 
and CEO displayed similar toxicity/mutation profiles 
and a similar frequency of large deletions, whereas 
CAA displayed greater toxicity and a larger frequency 
of deletion mutations. These results suggest that the 
majority of mutations induced by VC occur through its 
metabolite, CEO.

 

MUTAGENIC PROPERTIES
   OF ETHENO-BASES

The highly mutagenic and genotoxic properties of 
ε-adducts have been established in vitro by analysing 
steady-state kinetics of primer extension assays and, 
more recently, in vivo by site-specific mutagenesis in 
mammalian cells. In these last experiments a single 
etheno-adduct is introduced into a plasmid at a defined 
site by in vitro DNA sinthesis and then transfected into 
a bacterial or mammalian cell system. After replica-
tion in the host cell system, the plasmid progeny is 
recovered and sequence changes are revealed by DNA 
sequencing [35]. The main findings are summarized in 
Table 1. In E. coli and simian kidney cells, εA induced 
mainly A>G followed by A>T and A>C base changes 
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[36, 37]. εC generated C>A and C>T changes and 
less frequently C>G in vitro [38], in E. coli [39, 40] 
and in monkey cells [41]. Induction of 1- and 2-base 
deletions was also reported [36-40]. N2,3εG generated 
G>A transitions in vitro [42] and in E. coli [43]. 1,N2-
εG induced a variety of base pair substitutions [44] as 
well as frameshifts [45]. In hamster cells, besides base 
pair substitutions, deletions, rearrangements and sin-
gle- and double- base pair substitutions were described 
to occur at sites near but not at the lesion site [46]. The 
mutation frequency of these ε-lesions varied depend-
ing on several factors including the type of lesion, the 
DNA polymerase involved and the sequence context.

TUMOR MUTATION SPECTRA
The events leading to cancer are complex and in-

teractive. Analysis of the frequency, type and site 
of mutations in important cancer-related genes may 
provide clues to the identification of etiological fac-
tors and sources of exposure (reviewed in [47, 48]). In 
1991 Marion et al. [49] described the activation of the 
Ki-ras gene in human ASL associated with VC expo-
sure. In particular, G>A transitions were observed at 
codon 13 in 5/6 tumor samples analysed.This finding 
was later confirmed by others (Table 2). Interestingly, 
ASL of different etiology contained lower frequency of 
Ki-ras mutations and they were localized at codon 12 
instead of codon 13, suggesting that mutations found in 
VC-associated ASL are specific. 

Mutations of p53 are apparently rare in ASL but there 
is preliminary evidence of a specific mutation spectrum 
in these patients associated with occupational exposure 

to VC. In 21 ASL patients with ASL not associated to 
exposure to VC, Soini et al. [50] have reported only 2 
mutations. In 6 patients with occupational exposure to 
VC, Hollstein et al. [51] have found 3 mutations, and all 
of them are A>T transversions, a type of mutation which 
is very rare in all other types of cancer (they represent 
2.8% of all mutations, with a maximum of 8.9% in sq-
uamous cell carcinoma of the esophagus). In contrast, 
the two mutations found in patients with other exposures 
(including thorotrast) were both G>A transitions [50, 
52]. Although the tumor sample size is too small to draw 
any definitive conclusion, it should be noted that the type 
of mutation found in the p53 gene of VC-associated ASL 
(Table 2) are reminiscent of the mutation specificity de-
scribed for etheno-adducts (Table 1).

Specific mutational patterns were also found in the 
Ha-ras gene in HCC and in the p53 gene of ASL in 
rats. In particular, VC-induced HCC (7/8) contained 
an A>T transversion at codon 61 in the Ha-ras gene 
[53, 54]. This type of mutation is rarely detected in 
chemically induced HCC in rats. When p53 mutations 
were analysed in liver tumors (25 ASL and 8 HCC) 
in VC-treated rats again a very rare type of mutation 
was detected. They were mostly localized at AT base 
pairs and the majority were transversions [55]. It is 
also interesting to mention that the A>T transversion 
observed at codon 253 in two ASL of rats is equivalent 
to the A>T transversion detected at codon 255 in one 
human VC-associated ASL. In conclusion, mutations 
detected in cancer-related genes in the rat model, fol-
lowing exposure to VC, are specific molecular events 
that involve mainly A:T base pairs (Table 2). This type 
of mutation is reminiscent of the mutational signature 

Table 1 | Base pair substitutions induced by etheno-bases 

                                                                              Base changes
DNA lesion In vitro E. coli Mammalian cells

εA A>G, A>T, A>C(a) A>G, A>C, A>T(b, c) A>G, A>T, A>C(c)

εC C>A, C>T, C>G(d) C>T, C>A(e, f) C>A, C>T, C>G(g)

N2,3εG G>A(h) G>A(i)

1,N2-εG G>T, G>C(l) G>T, G>C, G>A(m) G>A, G>T (n)

(a)[58]; (b)[36]; (c)[37]; (d)[38]; (e)[39]; (f)[40]; (g)[41]; (h)[42]; (i)[43]; (l)[44]; (m)[45]; (n)[46].

Table 2 | Gene mutations found in tumors associated with exposure to vinyl chloride

Species Tumor Gene Mutation (frequency) Reference

Humans ASL Ki-ras G>A (5/6) [49]

Humans ASL p53 A>T (3/6) [51]

Humans ASL Ki-ras G>A (8/15) [59]

Humans HCC Ki-ras G>A (5/12) [60]

Rats ASL p53
Various base-pair substitutions (10/25)

deletions (1/25)
[55]

Rats HCC Ha-ras A>T (7/8) [53, 54]
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of εA (Table 1) that is known to accumulate in hepatic 
DNA following exposure to VC.

What is the knowledge on mutational spectra induced 
by other carcinogens that induce etheno-adducts? 
In tumors induced by urethane and its electrophilic 
metabolites in mice, codon 61 of the Ha-ras gene 
(liver, skin) and of the Ki-ras gene (lung) seems to be 
a characteristic target. These tumors frequently contain 
A>T transversions that are compatible with the pro-
mutagenic properties of etheno-adducts and with their 
formation in target tissues [11]. 

These findings all together suggest that etheno-ad-
ducts might be initiating lesions in tumor formation. 
However, it should be taken into account that several 
factors might affect a mutational spectrum. The muta-
tion spectrum is the product of the probability patterns 
of several sequential steps of mutagenesis: damage, 
repair, polymerase misreading and biological selec-
tion. A correct interpretation of tumor-specific muta-
tion spectra requires a good and detailed understand-
ing of the molecular mechanisms that are responsible 
for the formation, escape from repair mechanisms and 
biological selection of these mutations. 

Finally, serum anti-p53 antibodies have been found 
in ASL patients and in some workers with occupational 
exposure to VC [56]. A recent study conducted on VC 
workers in Italy [57] demonstrated a trend for increas-
ing likelihood of p53 over-expression with increasing 
exposure to VC and supports the usefulness of detec-
tion of this marker in identifying individuals with a his-
tory of VC exposure and thus at high risk of ASL.

CONCLUDING REMARKS
Cancer is a complex process involving interactions 

between multiple factors of endogenous and exogenous 
origin. As a result of this complexity, the contribution 
of a single risk factor to the generation of a tumor-spe-
cific mutation spectrum is difficult to assess in many 
situations. In the case of VC several events that connect 
the exposure to the final outcome (i.e. tumor forma-
tion) have been clarified: 1) the metabolic activation 
pathway; 2) DNA adduct formation; 3) the mutagenic 
potential of the DNA base modifications induced; 4) 
coherent mutation spectrum detected in cancer-related 
genes. Less is known on the mechanisms behind the cell 
and organ specificity. VC induces specifically hepatic 
angiosarcomas that originate from hepatic sinusoidal 
cells. The understanding of the specific susceptibility 
of these cells requires further studies. Moreover, the 
mechanisms of extra-hepatic tumor formation by VC 
should be elucidated. From the point of view of adduct 
formation the aspect that needs further discussion is 
that VC produces DNA adducts that also occur physi-
ologically in the context of cellular aerobic metabolism. 
This involves that in a low dose range the VC-related 
response cannot be distinguished from endogenous 
background. Finally, the due relevance in the process of 
risk assessment must be given to the potential chronic 
exposure of humans and inter-individual variability in 
VC metabolism and etheno-adduct repair.

Submitted on invitation.
Accepted on 10 April 2006.

References
 1. Pirastu R, Baccini M, Biggeri A, Comba P. Epidemiologic study 

of workers exposed to vinyl chloride in Porto Marghera: mortal-
ity update. Epidemiol Prev 2003;27(3):161-72.

 2. Bartsch H, Malaveille C, Barbin A, Planche G. Mutagenic and 
alkylating metabolites of halo-ethylenes, chlorobutadienes and 
dichlorobutenes produced by rodent or human liver tissues. 
Evidence for oxirane formation by P450-linked microsomal 
mono-oxygenases. Arch Toxicol 1979;41(4):249-77.

 3. Barbin A, Bresil H, Croisy A, Jacquignon P, Malaveille C, 
Montesano R, Bartsch H. Liver-microsome-mediated forma-
tion of alkylating agents from vinyl bromide and vinyl chloride. 
Biochem Biophys Res Commun 1975;67(2):596-603.

 4. Malaveille C, Bartsch H, Barbin A, Camus AM, Montesano R, 
Croisy A, Jacquignon P. Mutagenicity of vinyl chloride, chlo-
roethyleneoxide, chloroacetaldehyde and chloroethanol. Biochem 
Biophys Res Commun 1975;63(2):363-70.

 5. el Ghissassi F, Barbin A, Bartsch H. Metabolic activation of vinyl 
chloride by rat liver microsomes: low-dose kinetics and involvement of 
cytochrome P450 2E1. Biochem Pharmacol 1998;55(9):1445-52.

 6. Lilly PD, Thornton-Manning JR, Gargas ML, Clewell HJ, 
Andersen ME. Kinetic characterization of CYP2E1 inhibi-
tion in vivo and in vitro by the chloroethylenes. Arch Toxicol 
1998;72(10):609-21.

 7. Barbin A, Bartsch H. Nucleophilic selectivity as a determinant 
of carcinogenic potency (TD50) in rodents: a comparison of 
mono- and bi-functional alkylating agents and vinyl chloride 
metabolites. Mutat Res 1989;215(1):95-106.

 8. Fedtke N, Boucheron JA, Turner MJ Jr, Swenberg JA. Vinyl 
chloride-induced DNA adducts. I: quantitative determina-

tion of N2,3-ethenoguanine based on electrophore labeling. 
Carcinogenesis 1990;11(8):1279-85.

 9. Fedtke N, Boucheron JA, Walker VE, Swenberg JA. Vinyl 
chloride-induced DNA adducts. II: Formation and persistence 
of 7-(2’-oxoethyl)guanine and N2,3-ethenoguanine in rat tissue 
DNA. Carcinogenesis 1990;11(8):1287-92.

 10. Barbin A, Laib RJ, Bartsch H. Lack of miscoding properties of 
7-(2-oxoethyl)guanine, the major vinyl chloride-DNA adduct. 
Cancer Res 1985;45(6):2440-4.

 11. Barbin A. Etheno-adduct-forming chemicals: from mutagenicity 
testing to tumor mutation spectra. Mutat Res 2000;462(2-3):55-69.

 12. Gwinner LM, Laib RJ, Filser JG, Bolt HM. Evidence of chlo-
roethylene oxide being the reactive metabolite of vinyl chloride 
towards DNA: comparative studies with 2,2’-dichlorodiethyl-
ether. Carcinogenesis 1983;4(11):1483-6.

 13. Guengerich FP. Roles of the vinyl chloride oxidation products 
1-chlorooxirane and 2-chloroacetaldehyde in the in vitro forma-
tion of etheno adducts of nucleic acid bases [corrected]. Chem 
Res Toxicol 1992;5(1):2-5.

 14. Nair J, Barbin A, Guichard Y, Bartsch H. 1,N6-ethenodeoxyade-
nosine and 3,N4-ethenodeoxycytine in liver DNA from humans 
and untreated rodents detected by immunoaffinity/32P-postlabe-
ling. Carcinogenesis 1995;16(3):613-7.

 15. Swenberg JA, Ham A, Koc H, Morinello E, Ranasinghe A, Tretyakova 
N, Upton PB, Wu K. DNA adducts: effects of low exposure to ethylene 
oxide, vinyl chloride and butadiene. Mutat Res 2000;464(1):77-86.

 16. Morinello EJ, Koc H, Ranasinghe A, Swenberg JA. Differential 
induction of N(2),3-ethenoguanine in rat brain and liver after 
exposure to vinyl chloride. Cancer Res 2002;62(18):5183-8.



168 Eugenia Dogliotti

 17. Morinello EJ, Ham AJ, Ranasinghe A, Nakamura J, Upton 
PB, Swenberg JA. Molecular dosimetry and repair of N(2),3-
ethenoguanine in rats exposed to vinyl chloride. Cancer Res 
2002;62(18):5189-95.

 18. Gros L, Ishchenko AA, Saparbaev M. Enzymology of repair of 
etheno-adducts. Mutat Res 2003;531(1-2):219-29.

 19. Saparbaev M, Kleibl K, Laval J. Escherichia coli, 
Saccharomyces cerevisiae, rat and human 3-methyladenine 
DNA glycosylases repair 1,N6-ethenoadenine when present in 
DNA. Nucleic Acids Res 1995;23:3750-5.

 20. Singer B, Antoccia A, Basu AK, Dosanjh MK, Fraenkel-Conrat 
H, Gallagher PE, Kusmierek JT, Qiu ZH, Rydberg B. Both 
purified human 1, N6-ethenoadenine-binding protein and puri-
fied human 3-methyladenine-DNA glycosylase act on 1, N6-
ethenoadenine and 3-methyladenine. Proc Natl Acad Sci USA 
1992;89:9386-90.

 21. Saparbaev M, Langouet S, Privezentzev CV, Guengerich FP, Cai 
H, Elder RH, Laval J. 1,N(2)-ethenoguanine, a mutagenic DNA 
adduct, is a primary substrate of Escherichia coli mismatch-spe-
cific uracil-DNA glycosylase and human alkylpurine-DNA-N-
glycosylase. J Biol Chem 2002;277(30):26987-93.

 22. Saparbaev M, Laval J. 3,N4-ethenocytosine, a highly muta-
genic adduct, is a primary substrate for Escherichia coli double-
stranded uracil-DNA glycosylase and human mismatch-specific 
thymine-DNA glycosylase. Proc Natl Acad Sci USA 1998;95:
8508-13.

 23. Hang B, Medina M, Fraenkel-Conrat H, Singer B. A 55-kDa 
protein isolated from human cells shows DNA glycosylase actv-
ity toward 3, N4-ethenocytosine and the G/T mismatch. Proc 
Natl Acad Sci USA 1998;95:13561-6.

 24. Petronzelli F, Riccio A, Markham GD, Seeholzer SH, Genuardi 
M, Karbowski M, Yeung AT, Matsumoto Y, Bellacosa A. 
Investigation of the substrate spectrum of the human mismatch-
specific DNA N-glycosylase MED1 (MBD4): fundamental role 
of the catalytic domain. J Cell Physiol 2000;185(3):473-80. 

 25. Kavli B, Sundheim O, Akbari M, Otterlei M, Nilsen H, Skorpen F, 
Aas PA, Hagen L, Krokan HE, Slupphaug G. hUNG2 is the major 
repair enzyme for removal of uracil from U:A matches, U:G mis-
matches, and U in single-stranded DNA, with hSMUG1 as a broad 
specificity backup. J Biol Chem 2002;277(42):39926-36.

 26. Trewick SC, Henshaw TF, Hausinger RP, Lindahl T, Sedgwick 
B. Oxidative demethylation by Escherichia coli AlkB directly 
reverts DNA base damage. Nature 2002;419(6903):174-8.

 27. Falnes PO, Johansen RF, Seeberg E. AlkB-mediated oxida-
tive demethylation reverses DNA damage in Escherichia coli. 
Nature 2002;419(6903):178-82.

 28. Delaney JC, Smeester L, Wong C, Frick LE, Taghizadeh K, 
Wishnok JS, Drennan CL, Samson LD, Essigmann JM. AlkB 
reverses etheno DNA lesions caused by lipid oxidation in vitro 
and in vivo. Nat Struct Mol Biol 2005;12(10):855-60.

 29. McCann J, Simmon V, Streitwieser D, Ames BN. Mutagenicity 
of chloroacetaldehyde, a possible metabolic product of 1,2-
dichloroethane (ethylene dichloride), chloroethanol (ethylene 
chlorohydrin), vinyl chloride, and cyclophosphamide. Proc Natl 
Acad Sci USA 1975;72(8):3190-3.

 30. Eisenstadt E, Miller JK, Kahng LS, Barnes WM. Influence of 
uvrB and pKM101 on the spectrum of spontaneous, UV- and 
gamma-ray-induced base substitutions that revert hisG46 in 
Salmonella typhimurium. Mutat Res 1989;210(1):113-25.

 31. Barbin A, Besson F, Perrard MH, Bereziat JC, Kaldor J, Michel 
G, Bartsch H. Induction of specific base-pair substitutions in E. 
coli trpA mutants by chloroethylene oxide, a carcinogenic vinyl 
chloride metabolite. Mutat Res 1985;152(2-3):147-56.

 32. Giri AK. Genetic toxicology of vinyl chloride--a review. Mutat 
Res 1995;339(1):1-14.

 33. Matsuda T, Yagi T, Kawanishi M, Matsui S, Takebe H. Molecular 
analysis of mutations induced by 2-chloroacetaldeyde, the ulti-
mate carcinogenic form of vinyl chloride, in human cells using 
shuttle vectors. Carcinogenesis 1995;16:2389-94.

 34. Chiang SY, Swenberg JA, Weisman WH, Skopek TR. Mutagenicity 
of vinyl chloride and its reactive metabolites, chloroethylene oxide 
and chloroacetaldehyde, in a metabolically competent human B-
lymphoblastoid line. Carcinogenesis 1997;18(1):31-6.

 35. Dogliotti E, Palombo F, Kohfeldt E, Nehls P. Recombinant shut-
tle vectors for studying mutagenesis in mammalian cells. Prog 
Clin Biol Res 1991;372:301-11.

 36. Basu AK, Wood ML, Niedernhofer LJ, Ramos LA, Essigmann 
JM. Mutagenic and genotoxic effects of three vinyl chloride-
induced DNA lesions: 1,N6-ethenoadenine, 3,N4-ethenocyto-
sine, and 4-amino-5-(imidazol-2-yl)imidazole. Biochemistry 
1993;32(47):12793-801.

 37. Pandya GA, Moriya M. 1,N6-ethenodeoxyadenosine, a DNA 
adduct highly mutagenic in mammalian cells. Biochemistry 
1996;35(35):11487-92.

 38. Shibutani S, Suzuki N, Matsumoto Y, Grollman AP. Miscoding 
properties of 3,N4-etheno-2’-deoxycytidine in reactions catalyzed 
by mammalian DNA polymerases. Biochemistry 1996;35(47):
14992-8.

 39. Palejwala VA, Rzepka RW, Simha D, Humayun MZ. Quantitative 
multiplex sequence analysis of mutational hot spots. Frequency 
and specificity of mutations induced by a site-specific ethenocyto-
sine in M13 viral DNA. Biochemistry 1993;32(15):4105-11.

 40. Palejwala VA, Rzepka RW, Humayun MZ. UV irradiation of 
Escherichia coli modulates mutagenesis at a site-specific ethe-
nocytosine residue on M13 DNA. Evidence for an inducible 
recA-independent effect. Biochemistry 1993;32(15):4112-20.

 41. Moriya M, Zhang W, Johnson F, Grollman AP. Mutagenic po-
tency of exocyclic DNA adducts: marked differences between 
Escherichia coli and simian kidney cells. Proc Natl Acad Sci 
USA 1994;91:11899-903.

 42. Singer B, Spengler SJ, Chavez F, Kusmierek JT. The vinyl chlo-
ride-derived nucleoside, N2,3-ethenoguanosine, is a highly effi-
cient mutagen in transcription. Carcinogenesis 1987;8(5):745-7.

 43. Cheng KC, Preston BD, Cahill DS, Dosanjh MK, Singer B, 
Loeb LA. The vinyl chloride DNA derivative N2,3-ethenogua-
nine produces G----A transitions in Escherichia coli. Proc Natl 
Acad Sci USA 1991;88(22):9974-8.

 44. Langouet S, Muller M, Guengerich FP. Misincorporation of 
dNTPs opposite 1,N2-ethenoguanine and 5,6,7,9-tetrahydro-
7-hydroxy-9-oxoimidazo[1,2-a]purine in oligonucleotides by 
Escherichia coli polymerases I exo- and II exo-, T7 polymerase 
exo-, human immunodeficiency virus-1 reverse transcriptase, 
and rat polymerase beta. Biochemistry 1997;36(20):6069-79.

 45. Langouet S, Mican AN, Muller M, Fink SP, Marnett LJ, 
Muhle SA, Guengerich FP. Misincorporation of nucleotides 
opposite five-membered exocyclic ring guanine derivatives 
by Escherichia coli polymerases in vitro and in vivo: 1,N2-
ethenoguanine, 5,6,7,9-tetrahydro-9-oxoimidazo[1, 2-a]purine, 
and 5,6,7,9-tetrahydro-7-hydroxy-9-oxoimidazo[1, 2-a]purine. 
Biochemistry 1998;37(15):5184-93.

 46. Akasaka S, Guengerich FP. Mutagenicity of site-specifically 
located 1,N2-ethenoguanine in Chinese hamster ovary cell chro-
mosomal DNA. Chem Res Toxicol 1999;12(6):501-7.

 47. Dogliotti E. Mutational spectra: from model systems to cancer-
related genes. Carcinogenesis 1996;17(10):2113-8.

 48. Dogliotti E, Hainaut P, Hernandez T, D’Errico M, DeMarini 
DM. Mutation spectra resulting from carcinogenic exposure: 
from model systems to cancer-related genes. Recent Results 
Cancer Res 1998;154:97-124.

 49. Marion MJ, Froment O, Trepo C. Activation of Ki-ras gene by 
point mutation in human liver angiosarcoma associated with 
vinyl chloride exposure. Mol Carcinog 1991;4(6):450-4.

 50. Soini Y, Welsh JA, Ishak KG, Bennett WP. p53 mutations in pri-
mary hepatic angiosarcomas not associated with vinyl chloride 
exposure. Carcinogenesis 1995;16:2879-81.



169MOLECULAR MECHANISMS OF CARCINOGENESIS BY VINYL CHLORIDE

 51. Hollstein M, Marion MJ, Lehman T, Welsh J, Harris CC, Martel-
Planche G, Kusters I, Montesano R. p53 mutations at A:T base 
pairs in angiosarcomas of vinyl chloride-exposed factory work-
ers. Carcinogenesis 1994;15:1-3.

 52. Andersson M, Jonsson M, Nielsen LL, Vyberg M, Visfeldt J, 
Storm HH, Wallin H. Mutations in the tumor suppressor gene 
p53 in human liver cancer induced by alpha-particles. Cancer 
Epidemiol Biomarkers Prev 1995;4(7):765-70.

 53. Froment O, Boivin S, Barbin A, Bancel B, Trepo C, Marion MJ. 
Mutagenesis of ras proto-oncogenes in rat liver tumors induced 
by vinyl chloride. Cancer Res 1994;54(20):5340-5.

 54. Boivin-Angele S, Lefrancois L, Froment O, Spiethoff A, 
Bogdanffy MS, Wegener K, Wesch H, Barbin A, Bancel B, 
Trepo C, Bartsch H, Swenberg J, Marion MJ. Ras gene mu-
tations in vinyl chloride-induced liver tumours are carcino-
gen-specific but vary with cell type and species. Int J Cancer 
2000;85(2):223-7.

 55. Barbin A. p53 gene mutation pattern in rat liver tumors induced 
by vinyl chloride. Cancer Res 1997;57:1695-8.

 56. Trivers GE, Cawley HL, DeBenedetti VM, Hollstein M, Marion 
MJ, Bennett WP, Hoover ML, Prives CC, Tamburro CC, Harris 
CC. Anti-p53 antibodies in sera of workers occupationally ex-
posed to vinyl chloride. J Natl Cancer Inst 1995;87(18):1400-7.

 57. Mocci F, Nettuno M. Plasma mutant-p53 protein and anti-p53 
antibody as a marker: an experience in vinyl chloride workers in 
Italy. J Occup Environ Med 2006;48(2):158-64.

 58. Litinski V, Chenna A, Sagi J, Singer B. Sequence context is an 
important determinant in the mutagenic potential of 1, N6-ethe-
nooxyadenosine (εA): formation of εA base pairs and elongation 
in defined templates. Carcinogenesis 1997;18:1609-15.

 59. Weihrauch M, Bader M, Lehnert G, Koch B, Wittekind C, 
Wrbitzky R and Tannapfel A. Mutation analysis of K-ras-2 in 
liver angiosarcoma and adjacent nonneoplastic liver tissue from 
patients occupationally exposed to vinyl chloride. Environ Mol 
Mutagen 2002;40(1):36-40.

 60. Weihrauch M, Benicke M, Lehnert G, Wittekind C, Wrbitzky 
R, Tannapfel A. Frequent k- ras -2 mutations and p16(INK4A) 
methylation in hepatocellular carcinomas in workers exposed to 
vinyl chloride. Br J Cancer 2001; 84(7):982-9.


