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Abstract

The manufacture, use and disposal of various plastics can pose numerous health risks, including the risk of cancer. A
model example of carcinogenic risk from plastics is provided by polyvinyl chloride, since it is composed of the known
human carcinogen vinyl chloride (VC). In recent years, much has been learned about the molecular biological
pathways of VC carcinogenesis. This has led to molecular epidemiologic studies of VC carcinogenesis in exposed
human populations which have identified useful biomarkers of exposure, effect and susceptibility for VC. These
studies have in turn provided the basis for new molecular approaches for the prevention and treatment of VC cancers.
This model could have much wider applicability for many other carcinogenic exposures and many other human
cancers.
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Polyvinyl chloride (PVC) is one of the most commonly manufactured plastics in the world, used in a wide variety of
products including packaging, pipes, automotive parts, construction materials and furniture. PVC is polymerized from
vinyl chloride (VC) monomer, which is one of the highest production volume chemicals globally with a current annual
worldwide demand of approximately 16 billion pounds which is increasing at an approximate 3% annual rate. Up to
98% of VC is used in the production of PVC. [1]

Unfortunately, VC is a well-established animal and human carcinogen. It is most strongly associated with liver cancer,
in particular the rare, sentinel neoplasm of liver angiosarcoma (LAS), a malignant tumor of the endothelial cells of the
liver. [1] However, VC has also been identified as a cause of hepatocellular carcinoma (HCC), the corresponding
malignant tumor of the parenchymal cells of the liver. [2] It has also been associated with non-malignant health
effects, including in the liver and other organs, as well as other malignancies (e.g., lung and brain), although these
other carcinogenic associations remain much more controversial. The most significant exposures to VC occur in the
petrochemical and plastics' industries. For example, national institute for occupational safety and health (NIOSH) has
estimated that 81,000 workers employed in more than 3,700 worksites are potentially exposed to VC in the US;
worldwide estimates are much higher with more than 2,200,000 workers probably exposed to VC. General population
exposures also occur primarily through the air and water. For example, elevated levels of VC have been found not
only in the air near VC manufacturing and processing facilities but also in the vicinity of many hazardous waste sites
and municipal landfills, either due to the direct disposal of VC or from the microbial degradation of other chlorinated
solvents to form VC. In some cases, dangerously high levels have been detected (up to 44 ppm; compared to a US
Environmental Protection Agency Reference Concentration of 0.04 ppm) in the air at some of these landfills. [1]
General population exposures may also occur from tobacco smoke, drinking water from PVC pipe, and food and
beverages from PVC packaging and bottles, although probably at much lower levels. However, these are some of the
reasons that authorities in the field of chemical safety have warned that VC is very much "still a cause of concern" in
occupational and environmental health. [3] Within the plastics' industry, VC is an also an excellent model for the study
of chemical carcinogenesis via genotoxic mechanisms because it is a well-known DNA-reactive chemical, for which
much has been learned about the molecular biology of its pathways of action[Figure 1]. [4] It should be noted that
although the mutagenic pathways for VC carcinogenesis have been the best studied and are thus the focus here, it is
quite possible that other mechanisms could contribute significantly to VC carcinogenesis through more indirect
pathways, including, for example, through epigenetic dysregulation of gene expression or alterations in immune
surveillance.{Figure 1}

The Molecular Biology of Vinyl Chloride Carcinogenesis

VC is a gas so the most significant exposures are respiratory. Following inhalation exposure, absorption is rapid in
humans and most subsequent metabolism occurs in the liver. [1] Phase | metabolism is primarily via the cytochrome
P-450 isoenzyme 2E1 (CYP2E1) to generate the reactive intermediates chloroethylene oxide (CEO) and
chloracetaldehyde (CAA) which are further metabolized in Phase |l reactions by glutathione-S-transferases (GSTs)
and aldehyde dehydrogenase 2 (ALDH2) to end-products for ultimate excretion. However, CEO and CAA can readily
interact with cellular macromolecules, including DNA, to produce promutagenic effects. Because CEO tends to react
much more rapidly with nucleic acids than CAA, it is usually regarded as the most relevant electrophile for the
generation of DNA adducts and consequent mutagenic effects; the greater biological relevance of CEO is also
supported by comparisons of the adduct profile of VC with that of 2,2-dichloroethyl ether, which only produces CAA as
a metabolite.VC biotransformation to CEO probably occurs principally in hepatocytes, but the epoxide can also reach
and react with adjacent sinusoidal lining cells, so that mutagenic effects can occur in parenchymal liver cells and non-
parenchymal endothelial cells, providing a logical rationale for the association between VC exposure and LAS as well
as HCC. [5] The major VC-associated liver DNA adduct is 7-(2-oxoethyl)guanine, comprising up to 98% of all adducts
formed. However, this adduct is eliminated from the DNA with a very short half-life, principally by chemical
depurination, and is not considered to be promutagenic. On the other hand, three etheno DNA adducts are also
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formed in much less abundance, but they are known to be promutagenic. These are: N 2 ,3-ethenoguanine (¢G); 1,N
6 -ethenoadenine (¢A); and 3,N 4 -ethenocytosine (¢C). [6] It should be noted that these etheno-DNA adducts can
also be found in tissues from unexposed humans and animals because they can be produced endogenously through
the interaction of lipid peroxidation-derived aldehydes and hydroxyalkenals. However, VC exposure can increase the
level of these adducts 10-100 fold over background in the hepatocytes and non-parenchymal liver cells of exposed
animals. [5]

There are several potential mechanisms by which the VC-induced adducts could be repaired before they have a
chance to cause mutations. As noted above, the oxoethyl adduct is removed rapidly by chemical depurination. The
potential repair of the etheno adducts is more complicated. The 1,N 6 -¢A adducts are recognized and removed by
3-methyl adenine DNA glycosylase which is part of the base excision repair (BER) pathway; this is accomplished by
hydrolyzing the N-glycosidic bond between the damaged base and deoxyribose, leaving an abasic site in the DNA. [5]
The BER apparatus includes numerous other proteins that complete the repair at the abasic site once the adduct is
removed. The X-ray cross-complementing-1 (XRCC1) protein is critical to this process since it acts as a scaffold
protein in this pathway and appears to regulate and/or enhance the activity of other BER proteins, which include an
apurinic/apyrimidinic endonuclease (APE1), poly (ADP-ribose) polymerase-1 (PARP-1), poly (ADP-ribose)
polymerase-2 (PARP-2), DNA polymerase 3 (Pol 3) and DNA ligase Illa (Lig Ill). AP endonuclease is responsible for
cleaving the phosphodiester bond at the abasic site created by the glycosylase. PARP-1 and to a lesser extent
PARP-2 participate in the repair process by catalyzing ribosylation of a number of DNA-bound proteins, thereby
decreasing the affinity of these proteins for DNA, and allowing the repair machinery to access the damaged site.
PARP-1 and PARP-2 can homo- and hetero-dimerize and interact with Pol B, Lig Ill and XRCC1. Pol B, the
polymerase involved in short patch repair, provides two essential activities, deoxyribophosphodiesterase activity which
releases the 5' sugar phosphate group, and gap-filling synthesis, where one nucleotide is added to the 3' OH. Finally,
Lig Ill seals the nick in an ATP-dependent manner. [7],[8] Although XRCC1 has not been demonstrated to contain
enzymatic activity of its own, it is necessary for coordinating and regulating the early and late stages of BER through
protein interaction modules such as the BRCA1 Carboxy Terminus (BRCT) domains. [9],[10] As discussed below,
alterations in any of these proteins, particularly XRCC1, that could affect the efficiency of BER might be expected to
result in an increase in the €A adduct levels at any given level of VC exposure. The 3,N 4 -ethenocytosine adduct is
also repaired with high efficiency by BER via the thymine DNA glycosylase. As a result, both the €A and eC adducts
have reasonably short half-lives in the range of one day. [6]

In contrast, the N 2 ,3-ethenoguanine adduct has been shown to have a considerably longer half-life, in the range of
150 days, suggesting that it is not very efficiently repaired. [6] This is consistent with the results of in vitro studies that
indicate that etheno-guanine adducts are poorly repaired by BER. [11] Thus, if they are repaired at all, it is likely to be
by a different DNA repair pathway. Another major mechanism for DNA repair is nucleotide excision repair (NER). Like
BER, NER occurs in a series of steps: damage recognition, unwinding and demarcation of the DNA, excision of the
single-stranded fragment containing the damaged site, and DNA re-synthesis. NER is accomplished primarily through
the action of proteins of the xerodermapigmentosum family of genes which are categorized into seven different groups
(A-G). XPC and XPE proteins are involved in recognition of different types of DNA damage. XPB and XPD are DNA
helicases that function as subunits of the transcription factor IIH complex (TFIIH) to promote DNA bubble formation at
the damaged site by unwinding the DNA as XPA complexes with RPA proteins for demarcation. XPF and XPG are
structure-specific endonucleases for excision of the damaged site. Finally, replicative DNA polymerase and DNA
ligase | complete the repair. [12],[13] XPD is one of the major players in NER and is essential for life. [14],[15] As
discussed below, alterations in any of these proteins, particularly XPD, that could affect the efficiency of NER might be
expected to increase the €G adduct levels at any given level of VC exposure.

The promutagenic properties of etheno-DNA adducts that are not fully repaired by one or another of the DNA repair
pathways have been well-documented in experimental systems in vitro, as well as in vivo in bacterial and mammalian
cells. The ¢G adduct generates G->A base changes; the €A adduct generates A->G, A->T and A->C base changes;
and the €C adduct generates C->A and C->T base changes. [5] These experimental results are consistent with the
tumor mutational spectra identified in exposed animals and humans in oncogenes and tumor suppressor genes,
although there are both important similarities and differences between the patterns seen in the animal tumors and the
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human tumors. Both HCCs and ASLs in VC-exposed rats were found to have mainly A->T transversions in the
cancer-related H-ras and p53 genes. [5] For example, seven of eight VC-induced HCCs in VC-exposed rats had an
A->T transversion at Codon 61 of H-ras; [16] 11 of 25 ASLs and one of eight HCCs in VC-exposed rats had mutations
in p53, all but one of which were base pair substitutions with nine at A:T base pairs (5 A->T, 2 A->G, 2 A->C) and
three at G:C base pairs (all G->A), and two of the A->T transversions occurred at the same site (the first nucleotide of
Codon 253). [17] On the other hand, ASLs in VC-exposed humans have been found to have exclusively A->T
transversions in p53 (three of six, including one at the first nucleotide of Codon 255 which corresponds to the same
mutation in Codon 253 seen in rats). [18] Of note, studies of p53 mutations in 21 human ASLs that were not
associated with VC exposure, only two had mutations , neither of which were A->T transversions. [19] Studies of VC-
associated HCCs have also found frequent p53 mutations, occurring in 11 of 18 cases, although only two of these
were A->T transversions. [20] Both ASLs and HCCs in VC-exposed humans have been found to have primarily G->A
transitions in the K-ras oncogene at Codons 12 and 13. For example, in studies of VC-associated HCCs, 5 of 12
tumors were found to have K-ras mutations at Codons 12 and 13, three of which were G->A transitions. [21] Even
more striking, in studies of K-ras gene mutations in VC-associated ASLs, G->A transitions were found in 23 of 33
tumors with the vast majority of these (17 of 23) occurring at Codon 13. [22],[23] Again of note, studies of K-ras
mutations in 24 ASLs that were not associated with VC exposure did find G->A transitions in seven cases, but all of
them were at Codon 12, indicating that the Codon 13 mutation may be relatively specific for VC-induced ASLs. [24]
Interestingly, in studies of both ASLs and HCCs in VC-exposed humans, five cases were also found to contain K-ras
mutations in the histologically normal adjacent tissue, three of which were G->A transitions and two of which occurred
at Codon 13; [21],[22] likewise, at least one case of a non-dysplastic pre-angiosarcomatous liver lesion has been
found to contain the characteristic G->A transition at Codon 13 of K-ras. [25] These results suggest that these VC-
associated mutations, particularly the Codon 13 K-ras mutation, may be a relatively early event in VC carcinogenesis,
and thus the occurrence of these mutations may be useful biomarkers of cancer risk in exposed individuals, as
discussed below.

The G->A transition at Codon 13 of K-ras results in the substitution of an aspartic acid (Asp) for the normal glycine
(Gly) at amino acid residue 13 in the encoded p21 protein product. This substitution is believed to be oncogenic,
having been identified in other human tumors as well. The oncogenic mechanism of action of this substitution is
thought to be through the production of a conformational change in p21 which may be responsible for altering its
intrinsic GTPase activity, thus affecting signal transduction within the cell leading to uncontrolled growth and division.
[4] Similarly, the A->T transversions at various codons of p53 produce their corresponding amino acid substitutions in
the encoded p53 protein product, all changes that have been shown to cause the protein to adopt its so-called
"malignant” conformation with a concomitant loss of its normal tumor suppressor activity. [4] These protein changes
provide a useful indicator of the pathogenic consequences of the occurrence of the corresponding mutations as well
as convenient intermediate biomarkers of the VC effect to study the molecular epidemiology of VC carcinogenesis in
exposed human populations.

The Molecular Epidemiology of Vinyl Chloride Carcinogenesis

It has been shown that the mutant ras-p21 protein containing Asp for Gly at amino acid residue 13 can be
distinguished from the wild-type protein and other mutant ras-p21 proteins immunologically with a mouse monoclonal
antibody specific for this protein. For cells in culture that contain the mutant ras gene, it is possible to use this
monoclonal antibody to detect mutant ras-p21 expression in the cells by immunocytochemistry and in the extracellular
supernatant by immunoblotting. In analogous situations in vivo, mutant Asp 13 ras-p21 can be detected in tumor
tissue by immunohistochemistry and in the serum by immunoblotting of VC-exposed workers with ASLs known to
contain the mutant ras gene but not in the serum of VC-exposed workers with ASLs that do not contain the mutation
or in unexposed controls. [4],[26],[27]

An analogous, although slightly more complicated situation occurs with p53. As noted, all of the VC-induced mutations
in the p53 gene have been shown to cause a similar conformational change in the encoded p53 proteins that result in
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the exposure of a common epitope, which is normally not immunologically detectable in the wild-type protein. Thus,
these mutant p53 proteins can be distinguished from wild-type p53 immunologically with a mouse monoclonal
antibody that binds to this mutant-specific epitope. For cells in culture that contain the mutant p53 genes, it is possible
to use this monoclonal antibody to detect mutant p53 protein expression in the cells by immunocytochemistry and in
the extracellular supernatant by immunoblotting or by enzyme-linked immunosorbent assay (ELISA). In the analogous
situation in vivo, mutant p53 can be detected in the tumor tissue by immunohistochemistry and in the serum by
immunoblotting or ELISA of VC-exposed workers with ASLs known to contain the mutant p53 genes but not of VC-
exposed workers with ASLs that do not contain the mutations or in unexposed controls. In some cases of mutant p53-
positive tumors, it is known that individuals can also develop an antibody response to the mutant p53 which can
obscure the detection of the mutant p53 protein itself. However, it is also possible to detect these auto-antibodies to
mutant p53 using an ELISA. Thus, the detection in serum of mutant p53 protein and/or an antibody response to
mutant p53 protein can be used together to best identify individuals who have a p53 mutation in their tumors. [4],[28],
[29]

Based on the above evidence, it seems that these serum biomarkers for mutant ras-p21 and mutant p53 accurately
reflect the occurrence of the corresponding mutational changes in the target tissue of VC-exposed workers. Further
support for this is provided by the case of an ASL with multiple serum samples over time for which the levels of these
serum biomarkers seemed to parallel the clinical course of the disease in terms of tumor burden. [4],[23] In addition,
these biomarkers have been identified not only in VC-exposed workers with ASLs but also in VC-exposed workers
with non-malignant (but potentially pre-malignant) angiomatous lesions and in VC-exposed workers without any
apparent neoplastic disease, even in workers exposed below the current permissible exposure limit of 1 ppm. [4],[30],
[311,[32] In a large cohort of French VC workers, the presence of these biomarkers was found to occur with a highly
statistically significant dose-response relationship with regard to estimated, cumulative VC exposure, supporting the
claim that the generation of the biomarkers was indeed the result of the exposure. [33] Similar results with these
biomarkers have been noted in several other VC workers' cohorts around the world. [34],[35],[36],[37],[38],[39] To
date in these various studies, at least five VC-exposed biomarker-positive workers without ASL have developed
subsequent liver lesions presumed or confirmed to be ASL, also suggesting that these biomarkers may have
predictive value for the subsequent occurrence of cancer.

However, at any given level of VC exposure, some workers will have none, one or both mutant biomarkers. One
possible explanation for this inter-individual variability is genetic differences in the proteins that metabolize VC or
repair the DNA damage it produces. For example, in the aforementioned French VC worker cohort we have identified
the CYP2E1 c2 allele as a significant contributor to genetic variability in the metabolism of VC, since it is statistically
significantly associated with an increased occurrence of either or both of the mutant ras-p21 and mutant p53
biomarkers even after controlling for potential confounders including cumulative VC exposure, and the gene-
environment interaction between the polymorphism and VC exposure was approximately additive. [33],[40] Studies in
other VC worker populations have found similar effects of the CYP2E1 polymorphism on these biomarkers, as well as
other biomarkers of DNA damage such as micronuclei and sister chromatid exchanges or non-specific liver damage.
[41],[42],[43],[44],[45],[46].,[47],[48],[49],[50],[51],[52] This is consistent with recent experimental results from studies of
lymphoblasts from individuals of different genotypes exposed in vitro to VC. Cells with the c2c2 CYP2E1 genotype
were found to have approximately 2.5 times higher gene expression than those with the wild-type c1c1 genotype
[Figure 2], which resulted in an approximate 2.1-fold increase in etheno-DNA adduct generation in the polymorphic
cells compared to the normal cells at the same level of VC exposure [Table 1]. Other polymorphisms in the Phase Il
VC metabolic pathway including ALDH2, GSTM1 and GSTT1 have also been implicated in modulating VC-induced
DNA damage in some but not all VC worker populations. [33],[40],[41],[42],[43],[44],[45],[46],[47],[50],[51],[52],[53],
[54]{Figure 2}{Table 1}

As noted, another potential source of inter-individual variability in the susceptibility for VC-induced mutagenesis could
derive from genetic differences in the DNA repair pathways for BER and NER. As described above, VC-induced €A
and €C adducts would be expected to be repaired by the BER pathway, in which the XRCC1 protein plays the major
role of coordinating the activity of the repair machinery. XRCC1 is known to contain three common polymorphic sites
that might be expected to have an effect on XRCC1 structure and function because they occur in or near important
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protein domains. [55] For example, the polymorphism at amino acid residue 194, which results in the substitution of a
tryptophan for the normal arginine, occurs in the XRCC1 N-terminal domain from amino acid residues 1-195 that has
been observed to mediate its interaction with the palm-thumb domain of Polf. [56] A second polymorphism at amino
acid residue 280, which results in the substitution of a histidine for the normal arginine, occurs in the region between
the N-terminal domain and the BRCT1 domain of the protein and close to the nuclear localization signal site and thus
could affect the relationship between these two critical domains and/or the protein's localization ability. [57] The third
and most common polymorphism in XRCC1 occurs at amino acid residue 399, resulting in the substitution of a
glutamine for the normal arginine, within the highly conserved central BRCT1 domain from amino acid residues 315-
403, which has been associated with the functioning of PARP1, PARP2 and APE1. [58] In the aforementioned French
VC worker cohort, we have been able to identify the effect of these XRCC1 polymorphisms on the occurrence of the
mutant p53 biomarker, but not the mutant ras-p21 biomarker, even after controlling for potential confounders including
cumulative VC exposure. [59],[60],[61] The difference in effect on the two biomarkers is expected, since, as noted the
€A adducts that result in the mutant p53 biomarker are repaired by BER but the ¢G adducts that result in the mutant
ras-p21 biomarker are not, so changes in XRCC1 might affect the former but should not affect the latter. Among these
three XRCC1 polymorphisms, however, the most significant effect on the mutant p53 biomarker was attributable to the
residue 399 polymorphism. In this case, individuals who were homozygous variant GIn-GIn at 399 had a statistically
significant 1.9-fold risk of occurrence of the mutant p53 biomarker compared to homozygous Arg-Arg wild-type
individuals, even after controlling for potential confounders including cumulative VC exposure, and the gene-
environment interaction between the polymorphism and VC exposure appeared to be potentially supra-multiplicative.
[61] Studies in other VC worker populations have found similar effects of the XRCC1 polymorphisms, particularly the
399 polymorphism, on the mutant p53 biomarker, as well as other biomarkers of DNA damage. [43],[48],[51],[62] This
is consistent with various experimental results. For example, molecular modeling of the BRCT1 domains of the normal
and polymorphic forms of XRCC1 demonstrates that the 399 substitution produces significant conformational changes
in this domain, including the loss of secondary structural features such as a-helices that can be critical for mediating
protein-protein interactions that would allow XRCC1 to coordinate BER. [63] Also, studies of lymphoblasts from
individuals of different genotypes exposed in vitro to the reactive metabolites of VC showed that cells with the XRCC1
399 homozygous variant GIn-GIn genotype had an approximate fourfold decrease in efficiency of repair of éA DNA
adducts compared to cells with the homozygous wild-type Arg-Arg genotype [Table 2], [60],[64] resulting in an
approximate 1.8-fold increase in mutation frequency in the polymorphic cells as measured by the HPRT assay.{Table
2}

As discussed above, €G DNA adducts do not appear to be repaired well by BER and polymorphisms in XRCC1 do not
appear to affect the occurrence of the mutant ras-p21 biomarker that results from the ¢G adducts in VC-exposed
workers, so other DNA repair pathways may be involved. NER is another important DNA repair pathway that is
critically dependent upon the XPD protein, which is also know to contain at least two common polymorphic sites,
namely at amino acid residues 312 (Asp->Asn) and 751 (Lys->GlIn). [65] The 751 site is assumed to be particularly
important for XPD function since it occurs in the C-terminal domain of the protein which has been suggested to
interact with the p44 helicase activator protein of the TFIIH complex; [66] also, it is been shown that an XPD mutation
that results in the loss of the final 17 C-terminal amino acids, including residue 751, results in the clinical disease
phenotype of trichothiodystrophy. [67] In the aforementioned French VC worker cohort, we have been able to identify
the effect of these XPD polymorphisms on the occurrence of both mutant biomarkers, although the most marked and
statistically significant effect was on the mutant ras-p21 biomarker. [61] In this case, individuals who were
homozygous variant at either residue 312 or 751 had a statistically significant 2.6-3.0-fold increased risk of occurrence
of the mutant ras-p21 biomarker compared to homozygous wild-type individuals, even after controlling for potential
confounders including cumulative VC exposure. Furthermore, in the case of the residue 751 polymorphism, the gene-
environment interaction between the polymorphism and VC exposure, as well as the gene-gene interaction between
the XPD and CYP2E1 polymorphisms, appeared to be potentially multiplicative. [61] Once again, studies in other VC
worker populations have found similar effects of the XPD polymorphisms on other biomarkers of DNA damage. [48]
This is also consistent with various experimental results. For example, molecular modeling of the normal and
polymorphic forms of XPD demonstrates that these substitutions produce discrete conformational changes in the
protein which could affect its function [Figure 3]. [68] Also, studies of lymphoblasts from individuals of different
genotypes exposed in vitro to the reactive metabolites of VC showed that cells with the XPD 751 homozygous variant
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GIn-GIn genotype had an approximate fivefold decrease in efficiency of repair of €G DNA adducts compared to cells
with the homozygous wild-type Lys-Lys genotype [Table 3]. Based on mutational spectrum studies in CAA-exposed
human cell lines, [69] the resultant increase in €G DNA adducts would especially result in an increase in G->A
transitions consistent with those found in the tumors of VC-exposed workers, as noted above.{Figure 3}{Table 3}

The Molecular Basis for Prevention and Treatment of Vinyl Chloride Carcinogenesis

A thorough understanding of the molecular biology and molecular epidemiology of VC carcinogenesis can provide the
basis for new molecular approaches to the prevention and treatment of VC-induced cancers.

For example, the results of the molecular epidemiology of the mutant biomarkers could be used for improved primary
prevention of VC-induced cancers by refining the risk assessment that is used as the basis for determining acceptably
safe permissible exposure limits for VC. Since 1974 the permissible exposure limit for VC-exposed workers has been
1 ppm, as an 8-h time-weighted average, based on extrapolations from animal experiments. [1] This would be the
equivalent of a maximum cumulative dose of 40 ppm-years over a 40-year working lifetime. Unfortunately, as noted
above, we have found statistically significantly increased occurrences of the VC-induced mutant biomarkers even in
workers exposed only below the permissible exposure limit of 1 ppm (i.e., with cumulative VC exposures less than 40
ppm-years). [30],[31] This might suggest that the current permissible exposure limit is not adequately protective
against carcinogenic effects. However, cohorts of workers exposed to less than 40 ppm-years of cumulative VC
exposure can be stratified into two sub-groups. Workers with 10-40 ppm-years of cumulative exposure have been
found to have a statistically significantly increased occurrence of the mutant biomarkers at a rate which is actually not
statistically different from workers with more than 40 ppm-years of cumulative VC exposure, whereas workers with
less than 10 ppm-years of cumulative exposure did not have a statistically significantly increased occurrence of the
mutant biomarkers compared to unexposed controls. [31] Thus, a risk assessment based on biomarkers might
suggest a permissible exposure limit of 0.25 ppm as being more adequately protective of workers' health by
preventing the occurrence of these cancer-related mutations.

In individual workers who are already exposed to VC at higher levels, there may be additional avenues for secondary
prevention and treatment of VC-induced disease. For example, one approach to secondary prevention could be
based on "personalized prevention" derived from knowledge of each worker's susceptibility from genetic and other
factors. As noted above, the level of activity of CYP2E1 in Phase | metabolism of VC can have a significant impact on
the amount of DNA damage produced at any given level of VC exposure. Many different individual factors can affect
the level of expression and hence the level of activity of CYP2E1 including genetics (e.g., the c2 allele), alcohol
consumption, diet (e.g., cruciferous vegetables) and medications (e.g., isoniazid). [70],[71] Although most of these
factors increase the expression and activity of CYP2E1, certain vegetables act to decrease its activity. For instance, it
has been demonstrated in controlled clinical studies in humans that ingestion of small amounts of watercress (Rorippa
nasturtium-aquaticum) can effectively inhibit CYP2E1's metabolic activity. [72] One proposed mechanism for this
effect is due to the fact that watercress is a rich source of glucosinolates, including gluconasturtiin, which is
metabolized by intestinal microflora to phenyllethylisothiocyanate, a known CYP2E1 inhibitor. Cell culture studies
have suggested an anticarcinogenic effect from isothiocyanate exposure, and some dietary studies in animals and
humans have associated increased isothiocyanate consumption with decreased cancer risk. [73] Most significantly, a
recent randomized, crossover, controlled clinical trial of low-dose watercress for a limited period of time was shown to
statistically significantly decrease end-points of gross DNA damage (as measured in peripheral lymphocytes by the
Comet assay) by 17%, with the effect being greatest in those individuals with exogenous carcinogen exposure (i.e.,
cigarette smokers). [74] These results suggest that watercress may be a potential nutri-genomic intervention to
counter the toxico-genomic effects of the VC-CYP2E1 gene-environment interaction by inhibiting CYP2E1 activity at
any given level of VC exposure and CYP2E1 status (i.e., genetically determined or personally induced) to decrease
the formation of reactive intermediates responsible for the production of the DNA adducts that cause the carcinogenic
mutations in VC-exposed individuals. This is consistent with preliminary experimental results. Studies of lymphoblasts
from individuals of different CYP2E1 genotypes exposed in vitro to VC showed that the addition of watercress was
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able to reduce the DNA damage as measured by the increased level of etheno-DNA adducts back close to baseline
both in homozygous wild-type and homozygous variant individuals, although more watercress was needed to achieve
this effect in the latter case as would be expected based on the epidemiologic and gene expression results noted
above [Table 1]. Although much less is currently known about methods for altering DNA repair activity, similar
approaches to secondary prevention based on augmenting DNA repair may be possible; for example, a recent study
in mice has suggested that selenocystine administration did not protect against immediate DNA damage following
ionizing radiation exposure but was nevertheless protective because it enhanced the rate of repair of the induced
DNA damage. [75]

For VC-exposed individuals who have already experienced the VC-induced mutations, different molecularly targeted
approaches to prevention and treatment can be employed. For example, it is now possible to restore apoptotic
regulation to mutant p53. A synthetic peptide analogue for a control region of p53 has been demonstrated to cause
mutant p53 to revert to normal function, reinstating its ability to cause cell death in cancerous cells and pre-cancerous
cells that contain a p53 mutation both in cell culture and in animal models. [76],[77] This peptide has also been shown
to effectively kill mutant p53 HAEND cells in culture that are derived from an angiosarcoma in a VC-exposed worker.
Thus, this approach could potentially be used as chemotherapy for VC-exposed workers who have ASLs with p53
mutations as well as chemoprophylaxis for VC-exposed workers who do not yet have ASLs but are at high risk of
developing ASLs in the future due to their increased susceptibility as evidenced by their increased rate of mutant p53
biomarkers. Similar approaches can be applied for cells with K-ras mutations. For example, the compound
L-B-(5-hydroxy-2-pyridyl) alanine can cause permanent reversion of human cancer cell lines with K-ras mutations,
including those that contain the VC-induced Asp 13 mutation, to a normal cellular phenotype that will no longer grow
in soft agar and will no longer produce tumors in nude mice. [4],[78] Once again, such an approach could potentially
be used as chemotherapy for VC-exposed workers who have ASLs with K-ras mutations as well as chemoprophylaxis
for VC-exposed workers who do not yet have ASLs but are at high risk of developing ASLs in the future due to their
increased susceptibility as evidenced by their increased rate of mutant ras-p21 biomarkers. The success of these
approaches could be effectively monitored by following these same mutant biomarkers.

Conclusion

VC provides an instructive model for the study of carcinogenesis within the plastics industry. A detailed understanding
of the molecular biology of VC carcinogenesis has provided new ways of studying the molecular epidemiology of VC
carcinogenesis in exposed humans, which in turn have provided the basis for new approaches to the prevention and
treatment of VC-related cancer. This model could also have much broader implications; since other potential
carcinogenic exposures in the plastics' industry and elsewhere share some of the same molecular biologic pathways
of metabolism and repair as VC similar molecular epidemiologic biomarkers could be useful for monitoring their
carcinogenic process, and since many different types of common human cancers contain either or both p53 and K-ras
mutations similar molecularly targeted approaches to chemotherapy and chemoprophylaxis could have wide
applicability.

Acknowledgments

This work was supported in part by grants to PWB-R from NIOSH, R01-OH04192 and R01-OH07590.

References

1 Agency for Toxic Substances and Disease Registry. Toxicological Profile for Vinyl Chloride. Atlanta: US
Department of Health and Human Services; 2006.

http://www.carcinogenesis.com/printarticle.asp?issn=1477-3163;year=2012;volume=11;issu... 1/4/2016



Plastics and carcinogenesis: The example of vinyl chloride :Paul Wesley Brandt-Rauf, Yo... Page 9 of 12

2 Grosse Y, Baan R, Straif K, Secretan B, El Ghissassi F, Bouvard V, et al. Carcinogenicity of1,3-butadiene,
ethylene oxide, vinyl chloride, vinyl fluoride, and vinyl bromide. Lancet Oncol2007;8:679-80.

3 Kielhorn J, Melber C, Wahnschaffe U, Aitio A, Mangelsdorf I. Vinyl chloride: still a cause for concern. Environ
Health Perspect 2000;108:579-88.

4 Li Y, Asherova M, Marion MJ, Brandt-Rauf PW. Mutant oncoprotein biomarkers in chemicalcarcinogenesis. In:
Biomarkers - Medical and Workplace Applications. In: Mendelsohn ML, MohrLC, Peeters JP, editors.
Washington: Joseph Henry Press; 1998. p. 345-53.

5 Dogliotti E. Molecular mechanisms of carcinogenesis by vinyl chloride. Ann Ist Super Sanita2006;42:163-9.

6 Cohen SM, Storer RD, Criswell KA, Doerrer NG, Dellarco VL, Pegg DG, et al. Hemangiosarcoma in rodents:
mode-of-action evaluation and human relevance. ToxicolSci 2009;111:4-18.

7 Baute J, Depicker A. Base excision repair and its role in maintaining genome stability. Crit Rev BiochemMolBiol
2008;43:239-76.

8 Fortini P, Pascucci B, Parlanti E, D'errico M, Simonelli V, Dogliotti E. The base excision repair: mechanisms and
its relevance for cancer susceptibility. Biochimie 2003;85:1053-71.

9 Caldecott KW. XRCC1 and DNA strand break repair. DNA Repair (Amst) 2003;2:955-69.

10 Thompson LH, West MG. XRCC1 keeps DNA from getting stranded. Mutat Res 2000;459:1-18.

11 Dosanjh MK, Chenna A, Kim E, Fraenkel-Conrat H, Samson L, Singer B. All four knowncyclic adducts formed in
DNA by the vinyl chloride metabolite chloroacetaldehyde are released by a human DNA glycosylase.
ProcNatlAcadSci USA 1994;91:1024-8.

12 Nouspikel T. DNA repair in mammalian cells: nucleotide excision repair: variations inversatility. Cell Mol Life Sci
2009;66:994-1009.

13  Bergoglio V, Magnaldo T. Nucleotide excision repair and related human diseases. GenomeDyn 2006;1:35-52.

14 Oksenych V, Coin F. The long unwinding road: XPB and XPD helicases in damaged DNAopening. Cell Cycle
2010;9:90-6.

15 Lehmann AR. XPD structure reveals its secrets. DNA Repair (Amst) 2008;7:1912-5.

16  Boivin-Angele S, Lefrangois L, Froment O, Spiethoff A, Bogdanffy MS, Wegener K, et al. Ras gene mutations in
vinyl chloride-induced liver tumours are carcinogen-specific but vary with cell type and species. Int J Cancer
2000;85:223-7.

17  Barbin A, Froment O, Boivin S, Marion MJ, Belpoggi F, Maltoni C, et al. p53 gene mutation pattern in rat liver
tumors induced by vinyl chloride. Cancer Res 1997;57:1695-8.

18 Hollstein M, Marion MJ, Lehman T, Welsh J, Harris CC, Martel-Planche G, et al. p53mutations at A: T base
pairs in angiosarcomas of vinyl chloride-exposed factory workers.Carcinogenesis 1994;15:1-3.

19  Soini Y, Welsh JA, Ishak KG, Bennett WP. P53 mutations in primary hepatic angiosarcomasnot associated with
vinyl chloride exposure. Carcinogenesis 1995;16:2879-81.

20 Weirauch M, Lehnert G, Kockerling F, Wittekind F, Tannapfel A. p53 mutation pattern inhepatocellular
carcinoma in workers exposed to vinyl chloride. Cancer 2000;88:1030-6.

21 Weihrauch M, Benick M, Lehner G, Wittekind M, Bader M, Wrbitzk R, et al. High prevalence of K-ras-2
mutations in hepatocellular carcinomas in workers exposed to vinylchloride. Int Arch Occup Environ Health
2001;74:405-10.

22 Weihrauch M, Bader M, Lehnert G, Koch B, Wittekind C, Wrbitzky R, et al. Mutation analysis of K-ras-2 in liver
angiosarcoma and adjacent nonneoplastic liver tissue from patientsoccupationally exposed to vinyl chloride.
Environ Mol Mutagen 2002;40-36-40.

23 Brandt-Rauf PW, Marion MJ, DeVivo |. Mutant p21 protein as a biomarker of chemicalcarcinogenesis in
humans. In: Biomarkers and Occupational Health - Progress and Perspectives. In: Mendelsohn ML, Peeters JP,
Normandy MJ, editors. Washington: Joseph Henry Press; 1995. p.163-73.

24  Przygodzki RM, Finkelstein SD, Keohavang P, Zhu D, Bakker A, Swalsky PA, et al.Sporadic and thorotrast-
induced angiosarcomas of the liver manifest frequent and multiplepoint mutations in K-ras-2. Lab Invest
1997;76:153-9.

25

http://www.carcinogenesis.com/printarticle.asp?issn=1477-3163;year=2012;volume=11;issu... 1/4/2016



Plastics and carcinogenesis: The example of vinyl chloride :Paul Wesley Brandt-Rauf, ... Page 10 of 12

Marion MJ, Froment O, Trepo C. Activation of Ki-ras gene by a point mutation in human liver angiosarcoma
associated with vinyl chloride exposure. MolCarcinog 1991;4:450-4.

26 DeVivo |, Marion MJ, Smith SJ, Carney WP, Brandt-Rauf PW. Mutant c-Ki-ras p21 protein in chemical
carcinogenesis in humans exposed to vinyl chloride. Cancer Causes Control 1994;5:273-8.

27 Li Y, Marion MJ, Asherova M, Coulibaly D, Smith SJ, Do T, et al. Mutant p21ras in vinylchloride exposed
workers. Biomarkers 1998;3:433-9.

28 Brandt-Rauf PW, Chen JM, Marion MJ, Smith SJ, Luo JC, Carney W,et al. Conformational effects in the p53
protein of mutations induced during chemical carcinogenesis: moleculardynamic and immunologic analyses. J
Protein Chem 1996;15:367-75.

29 Smith SJ, Li Y, Whitley R, Marion MJ, Partilo S, Carney WP,et al. Molecular epidemiology of p53 protein
mutations in workers exposed to vinyl chloride. Am J Epidemiol1998;147:302-8.

30 Brandt-Rauf PW, Luo JC, Cheng TJ, Du CL, Wang JD, Marion MJ. Mutant oncoproteinbiomarkers of vinyl
chloride exposure: Application to risk assessment. In: Human Monitoring after Environmental and Occupational
Exposure to Chemical and Physical Agents. In: Anderson D, Karakaya AE, Sram RJ, editors. Amsterdam: I0S
Press; 2000. p. 243-8.

31 Brandt-Rauf PW, Luo JC, Cheng TJ, Du CL, Wang JD, Rosal R, et al. Molecular biomarkersand epidemiologic
risk assessment. Hum Ecol Risk Assess 2002;8:1295-1301.

32 Marion MJ, DeVivo I, Smith S, Luo JC, Brandt-Rauf PW. The molecular epidemiology ofoccupational
carcinogenesis in vinyl chloride exposed workers. Int Arch Occup Environ Health1996;68:394-8.

33  Schindler J, Li Y, Marion MJ, Paroly A, Brandt-Rauf PW. The effect of geneticpolymorphisms in the vinyl
chloride metabolic pathway on mutagenic risk. J Hum Genet 2007;52:448-55.

34  Trivers GE, Cawley HL, DeBenedetti VM, Hollstein M, Marion MJ, Bennett WP, et al. Anti-p53 antibodies in sera
of workers occupationally exposed to vinyl chloride. J Natl Cancerlnst 1995;87:1400-7.

35 Luo JC, Liu HT, Cheng TJ, Du CL, Wang JD. Plasma Asp13-Ki-ras oncoprotein expression in vinyl chloride
monomer workers in Taiwan. J Occup Environ Med 1998;40:1053-8.

36 Luo JC, Liu HT, Cheng TJ, Du CL, Wang JD. Plasma p53 protein and anti-p53 antibodyexpression in vinyl
chloride monomer workers in Taiwan. J Occup Environ Med 1999;41:521-6.

37 John Luo JC, Cheng TJ, Du CL, Wang JD. Molecular epidemiology of plasma oncoproteins invinyl chloride
monomer workers in Taiwan. Cancer Detect Prev 2003;27:94-101.

38 Mocci F, De Biasio AL, Nettuno M. Anti-p53 antibodies as markers of carcinogenesis inexposures to vinyl
chloride. G Ital Med LavErgon 2003;25 Suppl:21-3.

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

40 LiY, Marion MJ, Ho R, Cheng TJ, Coulibaly D, Rosal R,et al. Polymorphisms for vinylchloride metabolism in
French vinyl chloride workers. Int J Occup Med Environ Health 2003;16:55-9.

41  Huang CY, Huang KL, Cheng TJ, Wang JD, Hsieh LL. The GST T1 and CYP2E1 genotypesare possible factors
causing vinyl chloride induced abnormal liver function. Arch Toxicol 1997;71:482-8.

42  Wong RH, Wang JD, Hsieh LL, Du CL, Cheng TJ. Effects on sister chromatid exchangefrequency of aldehyde
dehydrogenase 2 genotype and smoking in vinyl chloride workers.Mutat Res 1998;420:99-107.

43 Wong RH, Du CL, Wang JD, Chan CC, Luo JC, Cheng TJ. XRCC1 and CYP2E1polymorphisms as
susceptibility factors of plasma mutant p53 protein and anti-p53 antibodyexpression in vinyl chloride monomer-
exposed polyvinyl chloride workers. Cancer EpidemiolBiomarkers Prev 2002;11:475-82.

44 Wong RH, Wang JD, Hsieh LL, Cheng TJ. XRCC1, CYP2E1 and ALDH2 geneticpolymorphisms and sister
chromatid exchange frequency alterations amongst vinyl chloridemonomer-exposed polyvinyl chloride workers.
Arch Toxicol 2003;77:433-40.

45  Zhu SM, Ren XF, Wan JX, Xia ZL. Evaluation in vinyl chloride monomer-exposed workersand the relationship
between liver lesions and gene polymorphisms of metabolic enzymes. World J Gastroenterol 2005;11:5821-7.

46  Zhu SM, Chang W, Du FR, Wang AH. Study on the relationship between DNA damage andpolymorphisms of
metabolizing enzymes of vinyl chloride monomer-exposed workers. Wei Sheng Yan Jiu 2005;34:655-7.

47

http://www.carcinogenesis.com/printarticle.asp?issn=1477-3163;year=2012;volume=11;issu... 1/4/2016



Plastics and carcinogenesis: The example of vinyl chloride :Paul Wesley Brandt-Rauf, ... Page 11 of 12

Hsieh HI, Chen PC, Wong RH, Wang JD, Yang PM, Cheng TJ. Effect of the CYP2E1genotype on vinyl chloride
monomer-induced liver fibrosis among polyvinyl chloride workers.Toxicology 2007;239:34-44.

48 Zhu SM, Xia ZL, Wang AH, Ren XF, Jiao J, Zhao NQ,et al. Polymorphisms and haplotypesof DNA repair and
xenobiotic metabolism genes and risk of DNA damage in Chinese vinyl chloride monomer-exposed workers.
ToxicolLett 2008;178:88-94.

49 Wang AH, Zhu SM, Qiu YL, Zhu R, Qu YB, Li YL, et al. CYP2E1 mRNA expression, genetic polymorphisms in
peripheral blood lymphocytes and liver abnormalities in Chinese VCM-exposed workers. Int J Occup Med
Environ Health 2008;21:141-6.

50 JiF, Zhu S, Sun P, Wang W. Relationship between genetic polymorphisms of phase | andphase Il metabolizing
enzymes and DNA damage of workers exposed to vinyl chloridemonomer. Wei Sheng Yan Jiu 2009;38:7-11.

51 Ji F, Wang W, Xia ZL, Zheng YJ, Qiu YL, Wu F,et al. Prevalence and persistence of chromosomal damage and
susceptible genotypes of metabolic and DNA repair genes in Chinesevinyl chloride-exposed workers.
Carcinogenesis 2010;31:648-53.

52 Wang W, Qiu YL, Ji F, Liu J, Wu F, Miao WB,et al. Genetic polymorphisms inmetabolizing enzymes and
susceptibility of chromosomal damage induced by vinyl chloride monomer in a Chinese worker population. J
Occup Environ Med 2010;52:163-8.

53 LiY, Zhou M, Marion MJ, Lee S, Brandt-Rauf PW. Polymorphisms in glutathione S-transferasesin French vinyl
chloride workers. Biomarkers 2005;10:72-9.

54 LiY, Lee S, Marion MJ, Brandt-Rauf PW. Polymorphisms of microsomal epoxide hydrolasein French vinyl
chloride workers. Int J Occup Med Environ Health 2005;18:133-8.

55 Tudek B. Base excision repair modulation as a risk factor for human cancers. Mol Aspects Med 2007;28:258-
75.

56 Marintchev A, Mullen MA, Maciejewski MW, Pan B, Gryk MR, Mullen GP. Solutionstructure of the single-strand
break repair protein XRCC1 N-terminal domain. Nat StructBiol1999;6:884-93.

57 Marintchev A, Robertson A, Dimitriadis EK, Prasad R, Wilson SH, Mullen GP. Domainspecific interaction in the
XRCC1 polymerase beta complex. Nucleic Acids Res 2000;28:2049-59.

58 Vidal AE, Boiteux S, Hickson ID, Radicella JP. XRCC1 coordinates the initial and latestages of DNA abasic site
repair through protein-protein interactions. EMBO J 2001;20:6530-9.

59 Li Y, Marion MJ, Rundle A, Brandt-Rauf PW. A common polymorphism in XRCC1 as abiomarker of
susceptibility for chemically induced genetic damage. Biomarkers 2003;8:408-14.

60 LiY, Marion MJ, Zipprich J, Freyer G, Santella RM, Kanki C,et al. The role ofXRCC1 polymorphisms in base
excision repair of etheno-DNA adducts in French vinyl chlorideworkers. Int J Occup Med Environ Health
2006;19:45-52.

61 LiY, Marion MJ, Zipprich J, Santella RM, Freyer G, Brandt-Rauf PW. Gene-environmentinteractions between
DNA repair polymorphisms and exposure to the carcinogen vinyl chloride.Biomarkers 2009;14:148-55.

62 WangQ, JiF, SunY, Qiu YL, Wang W, Wu F, et al. Genetic polymorphisms of XRCC1,HOGG1 and MGMT and
micronucleus occurrence in Chinese vinyl chloride-exposed workers.Carcinogenesis 2010;31:1068-73.

63 Monaco R, Rosal R, Dolan MA, Pincus MR, Brandt-Rauf PW. Conformational effects of acommon codon 399
polymorphism on the BRCT1 domain of the X-ray cross-complementing-1protein. Protein J 2007;26:541-6.

64 LiY, Long C, Lin G, Marion MJ, Freyer G,Santella RM, et al. Effect of the XRCC1 codon399 polymorphism on
the repair of vinyl chloride metabolite-induced DNA damage. J Carcinog 2009;8:14.

65 Benhamou S, Sarasin A. ERCC2/XPD gene polymorphisms and cancer risk. Mutagenesis2002;17:463-9.

66 Bienstock RJ, Skovaga M. Mandavilli BS, Van Houten B. Structural and functional characterization of the
human DNA repair helicase XPD by comparative molecular modelingand site-directed mutagenesis of the
bacterial repair protein UvrB. J BiolChem 2003;278:5309-16.

67 Botta E, Nardo T, Broughton BC, Marinoni S, Lehmann AR, Stefanini M. Analysis of mutations in the XPD gene
in Italian patients with trichothiodystrophy: site of mutationcorrelates with repair deficiency, but gene dosage
appears to determine clinical severity.Am J Hum Genet 1998;63:1036-48.

68

http://www.carcinogenesis.com/printarticle.asp?issn=1477-3163;year=2012;volume=11;issu... 1/4/2016



Plastics and carcinogenesis: The example of vinyl chloride :Paul Wesley Brandt-Rauf, ... Page 12 of 12

Monaco R, Rosal R, Dolan MA, Pincus MR, Freyer G, Brandt-Rauf PW. Conformationaleffects of a common
codon 751 polymorphism on the C-terminal domain of the xerodermapigmentosum D protein. J
Carcinog2009;8:12.

69 Matsuda T, Yagi T, Kawanishi M, Matsui S, Takebe H. Molecular analysis of mutationsinduced by
2-chloroacetaldehyde, the ultimate carcinogenic form of vinyl chloride, in human cells using shuttle vectors.
Carcinogenesis 1995;16:2389-94.

70 Hong JY, Yang CS. Genetic polymorphisms in the 5'-flanking region change transcriptional regulation of the
human cytochrome P450 IIEI gene. J Biochem 1997;105:759-62.

71 Ronis MJJ, Lindros KO, Ingelman-Sundberg M. The CYP2E1 subfamily. In: CytochromeP450: Metabolic and
Toxicological Aspects. In: lonnides C, editor. Boca Raton: CRC Press; 1996. p. 211-39.

72  Leclercq |, Desager JP, Horsmans Y. Inhibition of chlorzoxazone metabolism, a clinicalprobe for CYP2E1, by a
single ingestion of watercress. ClinPharmacolTherap 1998;64:144-9.

73 Keum YS, Jeong WS, Kong AN. Chemoprevention by isothiocyanates and their underlyingmolecular signaling
mechanisms. Mutat Res 2004;555:191-202.

74  Gill Cl, Haldar S, Boyd LA, Bennett R, Whiteford J, Butler M,et al. Watercress supplementation in diet reduces
lymphocyte DNA damage and alters blood antioxidant status in healthy adults. Am J ClinNutr 2007;85:504-10.

75 Kunwar A, Jayakumar S, Bhilwade HN, Bag PP, Bhatt H, Chaubey RC, et al. Protective effects of selenocystine
against y-radiation induced genotoxicity in Swiss albino mice. RadiatEnviron Biophysics 2011;50:271-80.

76 Li Y, Mao Y, Rosal RV, Dinnen RD, Wiliams AC, Brandt-Rauf PW, et al. Selective induction of apoptosis
through the FADD/caspase-8 pathway by a p53 C-terminal peptide inhuman pre-malignant and malignant cell.
Int J Cancer 2005;155:55-64.

77 Senatus PB, Li Y, Mandigo C, Nichols G, Moise G, Mao Y,et al. Restoration of p53 function for selective Fas
mediated apoptosis in human and rat glioma cells in vitro and in vivo by a p53 C-terminal peptide. Mol Cancer
Ther 2006;5:20-8.

78 Brandt-Rauf PW, DeVivo I, Marion MJ, Hemminki K. The molecular epidemiology of growth signal transduction
proteins. J Occup Environ Med 1995;37:77-83.

Monday, January 04, 2016
Site Map | Home | Contact Us | Feedback | Copyright and Disclaimer

http://www.carcinogenesis.com/printarticle.asp?issn=1477-3163;year=2012;volume=11;issu... 1/4/2016



