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ABSTRACT: Human exposure to environmental carcinogens
can be detected by a number of methods including immunoassay,

P-postlabeling assay, and fluorescence technique. These assays
have been applied to measure biological markers of carcinogen-
adducts formed with macromolecules such as DNA, RNA and
protein. In an attempt to investigate causal relationships between
carcinogen exposure and tumor formation, specific carcinogen-
adducts have been quantitated from human tissues and body
fluids of cancer patients, occupational workers heavily exposed to
certain carcinogens, smokers and controls. Carcinogens studied
for biological human monitoring include benzo(a)pyrene, aflatox-
in B1, UV light, ethylene oxide, 8-methoxypsoralen, 4-aminobi-
phenyl, vinyl chloride, N-nitrosamine, cisplatin and other
chemotherapeutic agents. Relevance of human monitoring for
cancer research, progress in this field, methods to detect
carcinogen-adducts are reviewed here. It is hoped that these ap-
proaches will be used for the risk assessment of carcinogen ex-
posure, cancer etiology study and cancer prevention in humans.
Keywords: Carcinogen-adducts, Biological markers, Biological
human monitoring, Risk assessment, Cancer

INTRODUCTION

Humans are exposed to various carcinogens in the environment, air, water, food,
and soil. They can be classified into biological, physical, and chemical carcinogens. Bio-
logical agents associated with human cancer are a few cases of viruses: hepatitis B virus
(HBV) to liver cancer, Epstein Barr virus to lymphoma and nasopharyngeal cancer,
and papilloma virus to cervical cancer (Mark, 1989).

lonizing (e.g. x-ray, gamma-ray) and nonionizing radations (e.g. UV light) are
physical agents which are involved in leukemia, lung cancer, and skin cancer in
humans. The next category is chemical carcinogens which are ubiquitous in the en-
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vironment and humans are easily exposed to them. Particularly, workers will be direct-
ly exposed to high levels of carcinogens in the industry when they handle hazardous
carcinogens improperly.

Much research has been carried out to identify human carcinogens based on short-
term test, long-term animal bioassay, and epidemiology study. Few years ago, the In-
ternational Agency for Research on Cancer (IARC) advised by experts in chemical car-
cinogenesis was able to classify carcinogens into five groups, depending on the degree
of evidence for carcinogenicity (IARC, 1987). Group 1 includes 50 human car-
cinogens such as aflatoxin, vinyl chloride, and tobacco smoke. Next category is Group
2A which has limited evidence of carcinogenicity in humans and sufficient evidence
of carcinogenicity in animal study. Benzo(a)pyrene, ethylene oxide and benz(a)anthra-
cene are few examples of probable 37 human carcinogens listed in this group. In order
to evaluate the carcinogenicity of chemicals, we often rely on in vitro and in vivo tests.
Although animal experiments can provide dose-response data and are considered
useful predictors for human response, it should be emphasized that regulatory agen-
cies value epidemiologic studies as the most conclusive evidence for human car-
cinogenicity. Epidemiology is more relevant to human study than animal bioassay, but
time and cost are the limiting factors. In addition, epidemiology data can only suggest
evidence for an association rather than identification of specific causative factors.
However, epidemiology has been greatly supported by the introduction of molecular
cancer epidemiology or molecular epidemiology which combines toxicology and an-
alytical epidemiology. The principle of molecular epidemiology is based on human
monitoring of carcinogenic dose and preclinical response in multi-stages of chemical
carcinogenesis. A number of biomarkers and analytical tools have been developed for
biological human monitoring in cancer research.

Y

—-—  RATIONALE OF BIOLOGICAL HUMAN MONITORING
IN CANCER RESEARCH

In 1775 Sir Pircivall Pott observed the high incidence of scrotal cancer among
chimney sweepers who had been exposed to coal tar and soot (Pott, 1775). One hun-
dred forty years later, this epidemiological observation was supported by Yamagiwa
and Ichikawa who successfully produced malignant tumors on the ears of rabbits after
repeated application of coal tar. Since this first example of experimental chemical car-
cinogenesis, much research has been carried out on understanding of the mechanism
of chemical carcinogenesis. Now, it has been conceived that chemical carcinogenesis is
a multiple stage (initiation, promotion, and progression) and a long latent period
dependence. The first stage of initiation is a genotoxic event where electrophilic car-
cinogens covalently bind to nucleophilic center of macromolecules such as, DNA,
RNA, and protein (Weinstein, 1982). The existence of carcinogen-DNA adduct,
covalent binding of carcinogen to DNA, during DNA replication leads to mutation, the
initial step for transformation and tumorigenesis at the late stage. General types of

DNA damages and agents are listed in Table 1.
In order to minotor humans exposed to chemical carcinogens, carcinogen-DNA ad-
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Table 1. Types of DNA damages and agents

DNA damage Agent
1} Base modification Chemical carcinogen
2) Cross-links Chemical carcinogen
DNA-DNA Radiation
DNA-protein
3) Strand breaks Chemical carcinogen
single strand Radiation
double strand
4) Pyrimidine dimer UV light
Toxicokinetic Toxicodynamic
phase phase
Environmental Internal ; 3 Biologically Early ‘—’[Cﬂell
Dose Dose Effective Disease -CEA
-carcinogen Dose -chromosome -AFP
Biomarkers: -I;St:dse}nfil:iltds "DNA adducts l—c:rfco rotein
mutagenicity -RNA adducts P
in urine P21

-protein adducts

Fig. 1. Current approach to biological human monitoring in cancer research.
CEA: carcinoembryonic antigen, AFP: alpha feto protein.

ducts have been studied since DNA is considered as the critical target macromolecule
for chemical carcinogenesis. Carcinogen-DNA adducts can provide a marker of
biologically effective dose, an alteration on normal biochemical or molecular process.
Thus they have been measured in humans with various occupational or environmental
exposure to chemical carcinogens (Perera et al., 1982: Poirier et al., 1986: Santella et
al., 1987). Studies for DNA adduct measurements have been successfully carried out
because detection methods such as enzyme linked immunosorbent assay (ELISA),
32P-postlabeling assay, fluorescence technique, and HPLC were well established.
Among them ELISA has been widely used in human monitoring studies because of its
advantage over other methods. Current approach to monitor humans exposed to car-
cinogens and biomarkers available for cancer research are in Fig. 1.

However, it is not always feasible to obtain sufficient quantities of human samples (at
least, 1 gram of tissue, or 30-40 m! of blood) for DNA analysis by immunoassays. Thus
measurements of chemical-protein adducts (hemoglobin (Hb), albumin) have been
recommended as alternative markers of biologically effective dose since they are
similar to DNA adducts in terms of the dose response of adduct formation.
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DETECTION METHODS OF CARCINOGEN-DNA ADDUCTS

Immunologic Methods for Specific DNA Adducts

Carcinogen-adducts can be detected by immunologic methods such as ELISA, im-
munoaffinity chromatography, immunoprecipitation, and immunohistochemical
assays. A number of antibodies have been developed against specific carcinogen-
adducts for these approaches. Competitive ELISAs are carried out to detect DNA ad-
ducts as described previously (Santella et al., 1988). Briefly, polystyrene 96 microwell
plates (Immulon 2, Dynatech Lab., Alexandria, VA) are coated with antigen. After
washing with phosphate buffered saline (PBS) and incubation with fetal calf serum
(FCS), a standard curve of antigen was obtained (mixed with antigen before addition
to the plate). Antibody binding to antigen is conjugated with either alkaline pho-
sphatase or peroxidase. Finally, corresponding substrates are added and color or
fluorescent product is measured by microplate readers.

For monitoring human exposure to benzo(a)pyrene (BP), monoclonal and polyclo-
nal antibodies have been developed for immunoassays {Poirier, 1981: Santella et al.,
1984). A number of studies have utilized these antibodies to monitor adducts on DNA
isolated from various human tissues for quantitation of 7, 8-dihydroxy-9,10-epoxy-
7,8,9,10-tetrahydrobenzo(a)pyrene-DNA (BPDE-I-DNA) adduct, the major DNA ad-
duct in N2 position of guanine. The sensitivity of the ELISA is about one BPDE-I-adduct
per 10" nucleotides (Santella et al., 1986), but multiple PAH adducts are measured
by the immunoassy since antibcdies developed against BPDE-I-DNA cross-react with
DNA modified other diol-epoxides of PAH (chrysene, benz(a)anthracene, etc.) stereo-
chemically similar to BPDE-I. In the first study utilizing these antibodies, four of eleven
lung tumor tissues showed measurable BP-DNA antigenicity (0.14-0.18 fmol BPDE-I-
dG equivalents/uzg DNA) by ELISA and cigarette smoking did not appear to affect the
assay results (Perera et al., 1982). A well conducted study was also carried out with 35
Finnish foundry workers at higher risk of lung cancer. When exposure levels were
classified as low, medium and high, BPDE-DNA adduct of WBC was clearly dose-
dependent, but not significantly influenced by current cigarette smoking or by time
since vacation (Perera et al., 1988). Examples of carcinogens for DNA adducts in
human monitoring are summarized (Table 2).

Aflatoxin B1 (AFB1)-DNA adducts have been measured from a Chinese population
at high risk for liver cancer. AFB1-2,3-epoxide, an ultimate carcinogenic form of
AFB1 after metabolism, forms a major adduct at the N7 position of guanine which
either depurinates or ring opens. It has been known that hepatitis virus B is associated
with human liver cancer, but aflatoxin exposure and alcohol consumption have been
considered important cofactors. In order to investigate a causal relationships between
aflatoxin exposure and liver cancer, AFB-albumin adduct study has been recently
undertaken at large scale in cooperation with Taiwan at Columbia University, Cancer
Center.

32P-postlabeling Method for Unknown DNA Adducts
Another approach to quantitate PAH-DNA adducts is the 32P-postlabeling assay
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Table 2. Examples of carcinogens for human monitoring studies

Carcinogen  Cancer Biomarker Population Reference
Benzo(a) Lung BPDE-I-DNA Lung cancer Perera et al.
pyrene adduct patients (1982)
Cigarette Lung BPDE-I-DNA Lung cancer Perera et al.
smoking dduct patients, (1987)
Smokers
N-nitrosamine Esophageal  06-alkyl-G Population Wild et al.
adduct at high risk (1986)
Aflatoxin B1  Liver Aflatoxin B1  Liver cancer Wild et al.
-DNA adduct patients (1986)
Tobacco Cervical PAH-DNA  Smokers in Everson et al.
smoke adduct pregnancy (1986)
Cisplatin Unknown Cisplatin- Chemotherapy Poirier et al.
DNA adduct  patients (1986)
Betal Oral PAH-DNA Betel chewer Dunn and Stich
adduct (1986)
*BPDE-I-DNA: benzo(a)pyrene diol epoxide-I-DNA, PHA: polycyclic aromatic
hydrocarcon.
Table 3. Examples of carcinogen protein adducts in humans
Carcinogen Cancer Biomarker Population Reference
Benzo(a) Lung BPDE-I- Foundry Lee et al.
pyrene albumin workers (in preparation)
Roofers
EO Leukemia EO-valine Plant workers Calleman
-cysteine (1986)
-histidine
4-ABP Bladder 4-ABP-Hb Smokers Bryant et al.
(1987)
Aflatoxin B1  Liver Aflatoxin B1- Population Gan et al.
(1988)
albumin at high risk

*EQ: ethylene oxide, 4-ABP: 4-amino biphenyl.

which can detect one adduct/10”-10" nucleotides. The principle of the assay is that
DNA is enzymatically digested (micrococcal endonuclease and spleen exonuclease) to
3’-phosphorylated adducts and normal mononucleotides. They are then *’p_labeled
at their 5 ’-hydroxyl groups by [7-*PJATP and polynucleotide kinase to produce deoxy-
ribonucleoside-3 /,5 ’-biphosphates. Adducted nucleotides are separated from normal
nucleotides by thin-layer chromatography or HPLC and quantitated. To enhance the
sensitivity of this assay, nuclease P1 digestion is adopted to enrich adducts for labeling
(Reddy and Randerath, 1986}. This modified technique is useful when adducts are
resistant to nuclease P1. With this assay, several DNA adducts were detected from
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placental tissues of smokers but not nonsmokers during pregnancy (Everson et al.,
1986). Among smokers, one of the adducts was only weakly related to questionnaire
and biochemical measures of the intensity of smoking exposures, which might suggest
modulation by individual susceptibility factors. Although the adducts remain uniden-
tified, the data indicate the assciation of cigarette smoking with covalent damage to
human DNA. In addition, levels of smoking-related adducts from placental DNA were
inversely associated with the birth weight of the offspring (Everson et al., 1988). DNA
from mononuclear and non-mononuclear cells of human bone marrow was analysed
by the 32P-pos'dabeling assay for the presence of aromatic adducts. With interindividual
variations, all of 10 healthy adults showed detectable adduct levels of 1-9 adducts per
10® nucleotides. Similar adducts were also detected in the DNA of peripheral WBC of
both smokers and nonsmokers, but at lower levels than in bone marrow (Phillips et al.,
1986). This result suggests that adduct formation in peripheral WBC may not be pri-
marily related to smoking. DNA adducts were found in exfoliated cells from the oral
cavity of nonsmokers and of three groups at high risk for oral cancer: betel nut
chewers, tobacco chewers, and inverted smokers (Dunn and Stich, 1986). In foundry
workers, 22-80% of WBC DNA samples were positive by the 32P-postlabeling assay,
depending on exposure level (Phillips et al., 1988). Advantages of “p -postlabeling
assay are high sensitivity, 1 adduct/10" nucleotides and capability to detect many
aromatic carcinogen adducts at once. The major disadvantages of p -postlabeling
assay that are unable to identify adducts, limitation of the use of radioactive **P, a time-
consuming method. Nonetheless, this technique has become popular and has been
widely used.

Fluorescent Method

An alternate assay takes advantages of the fluorescent properties of BP. For syn-
chronous fluorescence spectrometry, DNA samples are acid treated and release BP-
tetraols, more fluorescent than adducts, measured by scanning with a fixed difference
between excitation and emissin monochromater (Rahn et al., 1982). Using this assay,
DNA adducts of WBC in humans were determined with a sensivity of 3 adducts/ 10°
nucleotides (Haugen et al., 1986). After 3 weeks of vacation, the level of adducts re-
mained the same or decreased for 90% of the workers tested. In coke oven workers,
about 68% of the samples (27 of 40) had detectable adduct levels in the range of
0.06-34.3 fmol BPDE-DNA/ug DNA. Antibodies to the DNA adducts were also
found in the sera of a number of the workers (Harris et al., 1985). In another study of
coke oven workers, all 13 samples tested had detectable levels of adducts (mean+1.7
fmol BPDE-DNA/.g DNA: range from 0.1 to > 13.7). BP-like DNA adducts of WBC
were also measured from aluminum smelter workers at a level of 6.5 fmol/g DNA,
but less than 5% were positive (Vahakangas et al., 1986). Recently, Synchronous
fluorescence spectroscopy combined with HPLC was introduced for the detection of
covalently bound BP residues in human DNA and hemoglobin (Weston et al., 1989).
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CARCINOGEN-PROTEIN ADDUCTS

In biological human monitoring, quantitation of carcinogen protein adducts from
blood has been suggested as an alternate marker of genotoxic exposure to carcino-
gens. Measurements of hemoglobin adducts, for example, have advantages over
DNA adduct measurements: 1) hemoglobin is present in larger quantities in blood
(140-160 mg/ml) than white blood cell DNA (5-20 ug/ml), 2) the estimation of
chronic exposure to low levels of chemical carcinogens may be possible over the
lifespan of the erythrocyte (about 4 months in humans) due to the lack of repair
mechanism in red blood cells, 3) hemoglobin is more readily available from human
populations for routine screening than organ or tissue biopsies. Several studies have
monitored human exposure to ethylene oxide (EQ) (Calleman et al., 1978: Tornquist
et al., 1986) and 4-aminobiophenyl (Bryant et al., 1987) by chemical measurement of
hemoglobin adducts. The half life of albumin is 20 days in man and the predicted ad-
duct level by chronic exposure is 30 times greater than that by 1 day exposure (Sab-
bioni et al., 1987). In blood sera, albumin is a major protein (55-60 mg/ml) and has
been shown to be highly modified by a number of carcinogens (Wild et al., 1986: Lee
and Santells, 1988). Due to the limitations of chemical approach to quantitate protein
adduct, immunologic detection method needs to be developed.

in order to develop immunologic techniques for measuring benzo(a)pyrene
(BP)-protein adducts, we previously developed two monoclona! antibodies which
recognize protein modified by BPDE-I (Santella et al., 1986). Another antibody,
8E11, developed from animals immunized with BPDE-I-guanosine coupled to albu-
min, was found to detect protein adducts with even greater sensitivity than those
developed against the modified protein. However, competitive ELISA showed that all
three antibodies had about tenfold lower reactivity for the modified protein compared
to BPDE-I-tetraols, the hydrolysis products of BPDE-I. This was attributed to burying
of the BP residue in hydrophobic regions of protein making the adduct inaccessible to
the antibody. Since BPDE-I-tetraols can be released from BPDE-I modified protein by
acid hydrolysis (Shugarts, et al., 1985),a more sensitive assay for quantitation of ad-
ducts was developed,involving acid release of tetraols followed by their extraction and
quantitation in an ELISA (Santella et al., 1986). While this approach worked well on
proteins modified in vitro with BPDE-], it could not be used to determine adduct levels
on globin (Gb) isolated from animals treated in vivo with [3H]BP (Wallin et al., 1987).
Only about 2% of the total bound radioactivity could be released with acid treatment
from the in vivo sample compared to about 40% from the in vitro sample. These
results suggested that either the adducts formed in vivo were not diol epoxide adducts
or diol epoxide adducts were formed but could not be acid hydrolyzed. Thus an alter-
nate approach utilizing enzyme digestion of the protein before analysis by ELISA was
developed. The use of enzyme allowed ELISA to quantitate protein adducts prepared
by in vitro with high sensitivity.

To validate ELISA quantitation of protein adducts in biological samples, Gb was
isolated from animals treated with ["H]BP and enzymatically digested (Lee and
Santella, 1988). The ELISA could detect 90-100% of the Gb adducts determined by
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radioactivity over the range of BP doses tested. At all treatment levels, a good correla-
tion was found between adduct levels in blood proteins and DNA adducts levels in tissues.
This result suggests that both Gb and serum albumin could be used as surrogates for
the measurements of specific tissue DNA adducts (Fig. 2). In addition, up to 200
ng/well of digested Gb from control animals did not interfere with the ELISA indicating
that large amounts of protein from biological samples could be tested. To further im-
prove the sensitivity of the ELISA an immunoaffinity technique was developed for
enriching the sample in adduct before analysis. For application to human samples, the
affinity column will probably be used on samples containing lower adduct levels than
present in treated animals.

FACTORS AFFECTING ADDUCT FORMATION

Adduct formation by carcinogens is dependent on the bioavailability of ultimate
carcinogen reached on target DNA or other macromolecules after bioactivation and
detoxification of chemical carcinogens.

Unlike genotoxic alkylating agents, BP, a precarcinogen, requires metabolic activa-
tion to become an electrophilic ultimate carcinogen which can interact with DNA and
other cellular macromolecules. BP is biotransformed or biotransactivated by mixed
function oxidase (MFO) system and other enzymes into a variety of metabolites such as
phenols, quinones, dihydrodiols, epoxides, diol epoxides, triols, and tetraols. Among
metabolites, (+ )BPDE-I has been considered as the ultimate carcinogenic form of BP
since it showed the highest tumorigenicity in animals (Buening et al., 1978). BPDE-I
covalently binds to DNA and perhaps thereby initiates tumorigenesis (Weinstein et al.,
1976). However, bioactivated BP metabolites can be detoxified by conjugation and
excreted from the body. Epoxides and diol epoxides can be conjugated by glutathione-
S-epoxide-transferase while other BP metabolites (phenol, dihydrodiol, triol, tetraol,
and quinone) can be inactivated by conversion to glucuronides and sulfates (Selkirk et
al., 1986). Therefore, the bioavailability of the ultimate carcinogenic BPDE-I is signifi-
cantly influenced by metabolism.

In addition, it must be also noted that adduct formation is affected by antioxidants
(vitamin A, C, E, beta-carotene, etc.) which can interfere with the formation of adduct
on DNA, RNA, and protein. Another important factor is repair in DNA. Once DNA
adduct is formed, it can be repaired by various ways of repair mechanisms. Failure to
repair or error-prone repair of DNA adducts, however, can lead to mutation, gene
rearrangement and amplification, important steps in the development of malignant
tumors. In summary, factors affecting adduct formation are bioactivation of car-
cinogens to become electrophiles (except for primary carcinogens}, detoxification,
bioavailability of ultimate carcinogens on macromolecules, repair (e.g. DNA) and ex-
ternal factors. like antioxidants.
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Fig. 2. Dose-response relationships for BP adduct {pmol/mg protein or DNA)
formation in mice 24 h after i.p. treatment with [’H]BP (mg/animal). The ma-
cromolecules were (a) erythrocyte lysate (Hb) (@), serum albumin (@) and liver
DNA (o) and (b) Gb (@) and Lung DNA (). Data are the means of two
values (Reprinted from lee and Santella, 1988).

CANCER RISK ASSESSMENT

Risk assessment on cancer is to evaluate the probability that will produce car-
cinogenic effect or cancer under specified conditions. In general, the process for risk
assessment includes risk characterization through hazard identification, dose-response
relationship and exposure estimation and often relies on toxicologic and epidemiologic
data (NAS/NRC, 1983).

Questions remain whether DNA adducts can serve as quantitative or qualitative pre-
dictors of cancer risk in humans. In animal study, there is a sufficient evidence that the
ability of carcinogens to form adducts is well correlated with carcinogenic potency. For
example, aflatoxin B1 can form more DNA adduct in the liver than any other carcinogen
tested in rats (Lutz et al., 1986). This suggests that the organotropic carcinogen-adduct
formation may be used to predict the potency of its carcinogenicity on the target organ.
In human cancer risk assessment, the best model carcinogen is ethylene oxide (EO)
which has been used for sterilant in hospital equipment, fumigant and organic syn-
thesizer. This alkylating agent directly binds to N-7 position of guanine in DNA to form
N-7-(2-hydroxyl)guanine (Segerback et al., 1983). In hemoglobin, histidine,
N-terminal valine and cysteine are the major target amino acids hydroxylated by EO. By
measuring EO-hemoglobin adducts in sterilization plant workers, the risk of 1 ppm.hr
EO exposure was estimated as a unit of radiation (Calleman et al., 1978). The workers’
average tissue dose of EQ was converted to the radiation risk equivalents. This radia-
tion equivalent allowed a calculation of the excess risk of leukemiain the workers ex-
posed to EQ, which is similar to the result seen in follow-up epidemiological studies of
that cohort (Hogstedt, 1986).

However, many factors are influencing on cancer risk assessment. The major pro-
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blem in estimating cancer risk is extrapolation from high dose data to low dose. Pro-
bably, adducts produced by low dose exposure to carcinogens may not be detected by
available technology. It is of concern due to the fact that genetoxic carcinogens such as
BP and EO have no threshold in theory of cancer initiation. For the accuracy of cancer
risk assessment, more sensitive methods to detect carcinogen adducts need to be de-
veloped. Other factors are individual susceptibility and synergistic interaction with
other biological or physical agents.

FUTURE DIRECTION AND CONCLUSION

Research on DNA and protein adducts has been progressed at a rapid speed in
monitoring humans exposed to chemical carcinogens. The measurement of cross-
sectional carcinogen adduct can provide a biological effective dose, which considered
an important biomarker in tumorigenesis at the late stage. This is based on the current
understanding of chemical carcinogenesis mechanism. However, it has not been
known that which type of DNA adduct, for example, is critical for the tumor forma-
tion. If a specific DNA adduct (e.g. BPDE-I-dG) or gene damage is involved in tumor
formation, it will be more proper to monitor it rather than whole DNA damage.

Furthermore, carcinogen adducts represent only initiation markers in the multistages
of chemical carcinogenesis. For the complete monitoring of human carcinogenesis, we
have to search for promotion and progression markers. Depending on the specificity
and sensitivity of biomarkers, the use of mutiple biomarkers could be advantageous in
predicting cancer risk at different stages. Progress in this field, however, will be able to
answer questions raised and contribute to elucidate cancer etiology and prevention in
the future.
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