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Abstract
It is well established that the initiating event in chemical carcinogenesis is the binding of reactive

carcinogens to DNA, Thus, a number of analytic methods have been developed for determining levels of
carcinogen-DNA adducts in humans as a marker of individual exposure and, potentially, of risk for cancer
development. [n addition, reactive carcinogens also bind to protein suggesting protein adducts can be used
as a surrogate for DNA adducts in some situations. We have developed monoclonal and polyclonal antibbdies
to carcinogen-DNA and protein adducts and highly sensitive ELISA and immunohistochemical assays for
determining levels of adducts in ﬁuman tissues. These studies have demonstrated higher levels of adducts in
those with higher exposure as a result of workplace, dietary, chemotherapy, environmental or lifestyle
(smoking) exposures. Elevated [evels of adducts have been found in fung and liver cancer cases compared to
controls. We have also used DNA adducts to determine efficacy of an antioxidant vitamin intervention. DNA
adduct studies have demonstrated very different levels of damage in those with similar exposure levels. These
interindividual differences are likely the result genetic differences in capacity to activate carcinogens, detoxify
reactive intermediates and repair DNA adducts once formed. We are currently investigating the relationship
between polymorphisms in a number of these genes tﬁp/‘éetermine their relationship to adduct levels as well
as their ability to confer increased risk for cancer development. The ability to identify high risk individuals
will allow the targeting of screening and preventive strategies to those most likely to benefit.

Introduction

DNA damage is well established as the initiating event in chemical carcinogenesis; DNA



epidermal cells of treated patients compared to biopsies of untreated controls. Lymphocytes from
individuals working in a Polish coke oven factory, living near it, or in a rural region were analyzed
using a quantitative fluorescence method (13). In agreement with prior ELISA data, adducts were
significantly higher in both the occupational and environmental groups compared to the rural control
group. The immunofluorescence method was also applied to exfoliated oral cells of smokers and
‘nonsmokers. However, 'autoﬂuorescence of unstained oral cells necessitated the use of the
immunoperoxidase method (14; 15). Quantitation of peroxidase staining indicated about a 2-fold
increase in PAH-DNA in smokers compared to nonsmokers and similar data were obtained on
exfoliated bladder cells of smokers and nonsmokers (16). The peroxidase method was also applied
to the detection of damage in human arterial tissue using internal mammary arteries collected during
coronary bypass surgery (17). Smoking related staining was observed in both endothelial and
smooth muscle cells. More recently we applied this method to stored paraffin sections of breast
tissue from breast cancer cases (18). While there was no significant difference in mean relative
nuclear staining intensity in nonsmokers (444 90, n=75), ever smokers (435 91, n=72), and current
smokers (456 98, n=35), these studies demonstrated that PAH, known animal mammary
carcinogens, could reach breast tissue. The demonstration that paraffin sections could be used for
adduct detection expands the types of studies that can be done.
4-Aminobiphenyl
4-Aminobiphenyl (4-ABP), an aromatic amine present in cigarette smoke, is an established
animal carcinogen and, in humans, has been associated with urinary bladder cancer. Antibodies
recognizing 4-ABP-DNA have been developed and characterized. An immunofluorescence method
was validated by comparison of adduct levels measured in 4-ABP-treated mouse liver to those
determined by alkaline hydrolysis release of 4-ABP from DNA isolated from the tissue, followed
by gas chromatography-mass spectroscopy (GC/MS) (19). A good correlation (r=0.98, p<0.0001)
was found between relative fluorescence intensity and adduct levels determined by GC/MS. Based

on adduct levels determined by GC/MS, the immunohistochemical method has a limit of sensitivity



of approximately 1 adduct/ 107 nucleotides.
Immunohistochemical methods have been used for detection of adducts in exfoliated oral

(16; 20) and bladder (16) cells of smokers and nonsmokers. Higher adducts were observed in
smokers in both studies. Studies of stored paraffin biocks of bladder tumor tissue found dose
(number of cigarettes smoked/day)-related increases in 4-ABP-DNA and an association with mutant
'p53 protein expression (2 1). Laryngeal tissues (tumor, polyp, and normal) also demonstrated
smoking related adducts (22).

Oxidative DNA Damage

8-Hydroxy- or 8-oxo-deoxyguanosine (8-OHdG) is recognized as a useful marker for the

estimation of DNA damage produced by oxygen radicals generated endogenously or exogenously.
We developed antibodies and an immunoperoxidase method for quantification of 8-OHdG in human
samples (23). Higher levels of specific nuclear staining were observed in oral mucosal cells of every
smoker compared to their matched nonsmoker (24). The mean level of relative staining was elevated
almost 2-fold in smokers compared to nonsmokers but there was no associ'ation between staining
intensity and the number of cigarettes smoked/day. The method was more recently used on nasal
biopsies from children living in Mexico City who are exposed to high levels of air pollutants and
from children living in a much less poliuted costal town (25). Higher levels (2-3-fold) of oxidative
damage were observed in exposed compared to control children. We have been less successful using
this method to detect oxidative damage in the same breast tumor tissues assayed for PAH-DNA,
described above. There was no significant difference in mean relative nuclear staining intensity for
80OHdG between nonsmokers (213 86, n=67), ever smokers (190 84, n=78}) and current smokers
(193 75, n=36). In either current or ever smokers, 80HdG levels were not related to the dose of
exposure. While measurement of PAH-DNA may provide information about environmental
exposure to this class of carcinogens, measurement of oxidative DNA damage in tumors probably

reflects the enhanced oxidative stress of this tissue



Relationship between Polymorphisms in Carcinogen Metabolism Genes and Adduct
Formation

In our studies and those by others, interindividual variability in adducts, given the same
external exposure, was up to 100-fold. This variability suggests that individuals respond differently
as a result of genetic susceptibi Iify related activation or detoxification of carcinogens, DNA repair
capacity, and other liféstyle or dietary factors. This is an area of active research in which
correlations between adduct levels and genotype or phenotype for metabolism and DNA repair
genes are determined. While data have not always been consistent, associations between high
activity of enzymes involved in metabolic activation of carcinogens and decreased activity of
detoxifying enzymes have been frequently observed. For example. in a study of smokers, subjects
with the CYP147*3 polymorphism, which has been associated with higher activity of this enzyme
involved in the production reactive intermediates of PAH, had significantly higher (2-fold , p<0.03)
levels of PAH-DNA than those without (26). In another study of smokers, an inverse relationship
was found between serum levels of smoking-adjusted vitamin C (r=-0.22, p<0.09) and cholesterol-
adjusted vitamin E (r=-0.25, p<0.05) and levels of mononuclear cell PAH-DNA (27). This
protective effect was observed mainly in subjects who were deleted in the gene for glutathione S-
transferase M1 (GSTM1) which is responsible for conjugation of the reactive intermediates of a
number of carcinogens including BP.
Adducts as Markers of kisk

Two types of epidemiologic studies have been used to determine the relationship
between adducts and risk for cancer development. The first method uses samples collected from
subjects at the time of diagnosis in either hospital based or population based studies. Appropriate
matched controls are also sampled. With this type of study there is concern that the disease may
have influenced the biomarker. For example, in a study of PAH-DNA and lung cancer, cases
may have recently quit smoking as a result of disease symptoms or diagnosis. For this reason,

case-control studies nested in cohorts are considered to provide more reliable biomarker data. In



this type of study, samples are collected from large numbers of healthy subjects and banked for
long periods of time until cases are identified and matched to healthy subjects. Stored samples
are then retrieved and assayed. While more reliable, this type of study is also more costly since
large number of subjects must be recruited and followed for long periods of time.
Polycyclic Aromatic Hydrocarbons and Lung Cancer

Our initiél studies on adducts and risk for lung cancer collected blood samples from
cases at the time of dAiagnosis. Elevated PAH-DNA was observed in white blood cells of lung
cancer cases compared to controls after adjusting for smoking (10; 11). Genotype for GSTM!
was also determined and when combined with PAH-DNA adducts, dicotomized into low and
high adduct levels, demonstrated a greater than additive effect of null genotype and high adducts
(28). These data suggest that risk for lung cancer development is affected by genetic
susceptibility related to carcinogen metabolism and/or DNA repair which leads to higher adducts
for a given level of smoking. Subjects with “more” susceptible genotypes form higher levels of
adducts at the same level of cigarette smoking than those with “less” susceptible genotypes.
Aflatoxin B} and 4-Aminobiphenyl and Hepatocellular Carcinoma

Primary hepatoceliular carcinoma (HCC), the leading cause of death in Taiwan is clearly
related to chronic infection with hepatitis B virus (HBV). Aflatoxin B} (AFB}), a contaminant of
moldy food, is a well-established animal hepatocarcinogen. To determine the role of AFB) in
human liver cancer, we developed antibodies to the DNA or protein adducts of AFBj or to the
AFB| metabolites excreted in urine {reviewed in (29)]. These antibodies have been used in both
standard and nested case-control studies. In one study, liver tissue was collected from 105 HCC
patients at the time of surgery and from 37 control subjects undergoing abdominal surgery for other
reasons. In cases and controls, chronic HBV infection was assessed by serum HBsAg, and AFB|
exposure by immunohistochemical detection of AFB{-DNA adduct in liver tissue. P53 protein
mutations in tumor tissues were identified by immunohistochemistry and DNA mutations by single-

stranded conformational polymorphism (SSCP) and sequencing analyses. We found both chronic



HBsAg carrier status and liver AFB|-DNA adducts to be significantly higher in cases than in
controls with odds ratios (OR) of 8.4, and 5.2, respectively. Moreover, HCC risk was greatest in
individuals with both AFB|-DNA adducts and HBsAg, suggesting a viral-chemical interaction.
P53 protein, DNA and codon 249 mutations were detected in 37%, 29%, and 13%, respectively,
of the HCC cases. Most of the DNA mutations were transversions, and the only major clustering
site for mutations was codon 249. AFB)-DNA addicts were associated with p33 protein (OR=2.9,
p=0.054) and DNA mﬁtations (OR=2.9,p=0.082) but with borderline significance.
Epidemiological studies have suggested that cigarette smoking is a risk factor for
development of HCC. To further investigate this relationship, 4-ABP-DNA adducts were
measured by an immunoperoxidase method on the same surgical liver tissues from HCC cases
and controls (30). Mean relative staining intensity for 4-ABP-DNA was slightly higher in tumor
than nontumor tissues from HCC patients. Both means were significantly higher than the mean
of control tissues from non-HCC patients. However, no difference was found between smokers
and nonsmokers in staining intensity in any tissues. After stratifying relative staining intensity of
4-ABP-DNA adduct levels into tertiles, according to the total control tissues analyzed, there was
a monotonic increasing ﬁCC risk. ORs were 4.14 (95%CI 1.15-15.50) and 9.71 (CI 2.82-34.86)
for middle and high adduct levels compared to low adduct Jevels, respectively. The linear
relationship between adduct levels in liver tissue and HCC risk was also significant after
adjusting for covariates, including status of hepatitis B surface antigen (HBsAg). These results
indicate that 4-ABP exposure plays a role in the development of HCC in humans.
Cytochrome P450 enzymes play a major role in the metabolism of both of these
chemical carcinogens. To investigate interindividual differences in these enzymes, polyclonal
antisera and immunoperoxidase staining were used to detect the expression of CYP1A1/2 and
3A4 in tissues from Taiwan (31). There was variability in the expression and staining pattern for
both CYP1A1/2 and 3A4 in all tissue types. In tissues from controls, there was no correlation

between P450 expression and smoking history or hepatitis B virus antigen status. Since these



samples had been previously analyzed for the DNA adducts AFB) and 4-ABP, we also
investigated the relationsﬁip between P450 levels and DNA adducts. 4-ABP-DNA adducts were
higher in tissues with elevated levels of CYP1A1/2 (p=0.02). There was no relationship between
CYP1A1/2 or CYP3A4 and AFB|-DNA adducts in control tissues. Staining intensity for
CYP1A1/2 and 3A4 followed the order: tumor tissues < control tissues < adjacent nontumor
tissues. CYPlAl‘/2 levels tended to be lower in tumor and adjacent nontumor tissues than for
CYP3A4. In HCC cases, 4-ABP-DNA adducts were higher in subjects with higher levels of
CYPIAIL/2, stratified by tissue type, but these differences were not significant. For CYP3A4, in
contrast to control tissues, there was a significant association with AFB|-DNA adducts in tumor
and adjacent nontumor tissue of HCC cases. These results suggest that one factor influencing
carcinogen-DNA adducts is levels of specific P450 enzymes. However, adduct formation in vivo
is a complex processes dependent upon numerous genetic and environmental factors.

Two case-control studies nested in cohorts recruited in Taiwan for cancer screening have
been carried out. One cohort consists of 4841 male, asymptomatic, long-term HBV carriers 30-
65 years of age who were recruited between August 1988 and June 1992 (32). At the time of
initial folow up there were 32 patients with HCC who were matched with 73 controls on age ( §
years) and time of sample collection. Aflatoxin-albumin was measured by competitive ELISA
and subjects categorized into nondetectable, low, and high groups. Increasing risk was observed
with higher adducts levels with OR of 1.6 [C1=0.6-4.0] and 3.8 (CI=1.0-14.5) in the low and high
adduct level groups. Because this cohort consists of chronic HBsAg carriers, we could not
investigate the interaction between carrier status and aflatoxin exposure.

The second study is nested in a community-based cancer screening project carried out in
7 townships in Taiwan between July 1990 and June 1992 (33). A total of 12,024 males and 13,594
females enrolled and provided blood and urine samples as well as questionnaire information.
Between 1991 and 1995, 56 cases of HCC were identified and individually matched by age, sex,

residence, and date of recruitment to 220 healthy controls from the same large cohort in Taiwan.



Blood samples were analyzed for HBV and HCV markers and for aflatoxin-albumin adducts; urine
was tested for aflatoxin metabolites. As expected, the HBsAg carrier rate was higher in cases (48/56,
85.7%) than controls (31/219, 14.2%) resulting in a significantly increased risk for HCC [matched
OR (ORy,)=45.5, C1=13.8-149.7). Anti-HCV was detected in 10.9% (6/56) of HCC cases and 7.4%
(16/217) of controls. Comparedi to those positive for neither viral marker, the ORy, was 86.1
(C1=9.7-763.7) fbr subjécts positive for both HBsAg and anti-HCV, 50.6 (CI=14.2-179.8) for
subjects positive for HBsAg only, and 4.0 (C1=0.5-29.9) for subjects positive for anti-HCV only.
Based on the Mante! extension test for increased risk with neither marker positive as referent, the
odds ratio for developing HCC was found to increasé in the presence of anti-HCV alone, HBsAg
alone, and both anti-HCV and HBsAg (x=10.32, p<0.01).

HCC cases had a higher percentage of detectable aflatoxin-albumin adducts than controls
(31/52, 59.6% vs. 62/180, 34.4%; p<0.01). But the ORy, for detectable aflatoxin-albumin adducts
was not significant after ;xdjustment for HBsAg serostatus. The OR, for those with urinary aflatoxin
metabolites in the upper 50th percentile compared to those with levels in the lower 50th percentile
was significantly different from unity irrespective of adjustment for HBsAg carrier status.
Moreover, when metabolite levels were stratified into tertiles, there was a dose-response relationship
between aflatoxin and HCC risk (test for trend, p<0.05), with an adjusted ORyy, of 2.3 (CI=0.6-9.2)
and 7.2 (CI=1.5-34.3) for subjects with medium and high levels, respectively, compared to those
with a low fevel.

The combined effects of aflatoxin exposure and HBsAg carrier status on the
development of HCC are shown in Table 2. ORy, for HBsAg seropositive subjects with high
aflatoxin exposure were higher than for HBsAg seropositive subjects with low aflatoxin
exposure or HBsAg seronegative subjects with high aflatoxin exposure. The increased risk ratio
in HBsAg carriers was 4.02 (70.0/17.4) for detectable compared to nondetectable aflatoxin-

albumin adducts and 4.91 (111.9/22.8) for high compared to low urinary aflatoxin metabolites.



Combined Effects of Exposure and Genotype on Risk

Genetic differences in carcinogen metabolizing enzymes are suspected to be partially
responsible for individual differences in cancer risk. Polymorphism in both activating and
detoxifying enzymes have been identified by phenotyping and genotyping methods (34). We are
investigating the role of polymor.phisms in glutathione S-transferases (GST) in risk for HCC in the
nested cohorts (32). Tﬁese enzymes are involved in the inactivation of reactive metabolites of a
number of carcinogens including aflatoxin. Deletions in both GSTMI and T1 are highly prevalent
and can be easily determined by polymerase chain reaction amplification of the appropriate regions
of the DNA. In the case-control study nested in the government workers cohort, we have examined
the relationship between HCC risk and deletions in GSTM! and 7/ and aflatoxin-albumin adducts.
The biological gradients between serum albumin adducts and HCC risk were observed among
chronic HBsAg carriers who had null genotypes of GSTM! and T/ but not among those who had
the gene present. The muitivariate-adjusted odds ratios of developing HCC for those who had low
and high albumin adducts compared with those who had a nondetectable adduct level were 4.1 and
12.4, respectively, for carriers with null the GSTMI genotype (p<0.01) and 0.7 and 1.4 for those
with the gene (p=0.98). For GSTT/, ORs were 1.8 and 10.2 for those with the null genotype
(<0.05) and 1.3 and 0.8 for those with the gene present (p=0.93). Thus, those who lack GSTM!
and TI, important detoxifying enzymes, are at greater risk of developing HCC once they are
exposed to aflatoxin. We are continuing to investigate the gene-environment interaction between
aflatoxin exposure and GST polymorphisms as well as polymorphisms in the cytochrome P450
which are responsible for the activation of aflatoxin to the reactive epoxide.
Intermediate markers in intervention studies

DNA adducts have potential as intermediate endpoints in chemoprevention studies
[reviewed in (35). We re;:ently carried out a randomized clinical trial in heavy smokers using DNA
damage as the endpoint (36). A combination of antioxidant vitamins (vitamins C and E and B-

carotene) or placebo was administered for 6 months and blood, oral cells and urine were collected
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at various intervals. PAH-DNA adducts in mononuclear and oral cells and oxidative DNA damage
(8-oxodeoxyguanosine) in oral cells were measured. Dropout rates were higher than anticipated and
differed between the placebo and vitamin groups. Plasma levels of all three antioxidants rose
significantly in the vitamin group but not in the placebo group. All three measures of DNA damage
decreased in both groups; the between-group differences were not statistically significant. While
“these data do not providé clear evidence that antioxidant vitamin intake prevents DNA damage, the
study demonstrates that DNA damage is a useful endpoint in chemoprevention trials.
Summary
The advantage of the immunologic approach is that once specific antibodies and assays
have been developed théy can be applied to large numbers of samples with relative ease. Those
assays which use monoclonal antibodies can also be rapidly exported to other laboratories because
of the ability to produce large amounts of antibody. A major disadvantage of the immunologic
approach is the concern about cross-reactivity of the antibody with other material. For example, the
antibody to BPDE-DNA cross-reacts with a number of other PAH diol epoxide adducts. Thus, this
assay detects multiple adducts present in DNA and cannot give precise quantitative data on a
specific adduct. This is not a problem in many studies in which relative levels of damage are of
interest but must be considered in interpretation of data. Given these limitations, the immunologic
approach can play an important role in molecular epidemiologic studies. Determination of
polymorphisms in genes related to carcinogen metabolism and DNA repair are equally important.
In combination, measurement of adducts and susceptibility may lead to the identification of high
risk individuals. This should allow the targeting of preventive strategies to that part of the

population at greatest risk.
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Table 1 Polyclonal and monoclonal antibodies to carcinogen-DNA damage

Antigen

acetylaminofluorene-DNA
aflatoxinB1-DNA
4-aminobiphenyl-DNA
4-aminobiphenyl-Guo
I-aminopyrene-DNA
"benzo(a)pyrene diol epoxide-DNA
benzo(a)pyrene diol epoxide-Guo
benzo(c)phenanthrene diol epoxide-DNA
1,N6-etheno-Ado
3,N4-etheno—Cyd
N2 3-etheno-Guo
N7-(2-hydroxyethy!)-Guo
5-hydroxymethyldeoxyuridine
8-methoxypsoralen-DNA (45)
O6-methylguanine
8-oxodeoxyguanosine
trimethylangelicine
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Table 2 Combined effects of aflatoxin exposure measured in serum and urine and HBsAg
carrier status on the development of HCC

Aflatoxin exposure index HBsAg2 Cases Controls

o)
Aflatoxin-albumin adducts

Nondetectable ~ Negative 7 101 1.0¢

Detectable Negative I 52 0.3 0.0-3.6

Nondetectable Positive 14 17 17.4* 3.7-81.9
Detectable Positive 30 9 70.0*  11.8-415.4

Urinary aflatoxin metabolites

Low Negative 2 61 1.0d

High Negative 4 53 1.7 0.3-10.8
Low Positive 10 14 22.8* 3.6-143.4
High Positive 22 8 111.9%  13.8-905.0

4 HBsAg: hepatitis B virus surface antigen
b ORy, :matched odds ratio adjusted for cigarette smoking and alcohol drinking
¢ Mantel extension test for increased risk: ¥=9.29 p<0.01
d Mante! extension test for increased risk: x=8.01 p<0.01
*
p<0.05
From reference 33
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