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Human chemical carcinogenesis is a multistage 
process that results from exposures, usually in 
the form of complex chemical mixtures, often 
encountered in the environment or through our 
lifestyle and diet {Table 17-1 ).1 4 A prime exam­
ple is tobacco smoke, which can cause cancers of 
the lung, bladder, head, and neck.5·6 Although 
most chemicals are inert, they are activated to 
carcinogenic and mutagenic electrophiles by 
metabolic processes evolutionarily designed to 
rid the body of toxins and to modify endogenous 
compounds. Electrophilic chemical species are 
naturally attracted to nucleophiles like DNA and 
protein, and through covalent bonding to 
deoxyribonucleic acid (DNA) genetic damage 
results. Once internalized, carcinogens are sub­
ject to competing processes of metabolic activa­
tion and detoxication, although some chemical 
species can act directly. There is considerable 
variation among the human population in these 
competing metabolic processes, as well as the 
capacity for repair of DNA damage and cellular 
growth control. This is the basis for interindivid­
ual variation in cancer risk, and is a reflection of 
gene-environment interactions, which embodies 
the concept that heritable traits modify the 
effects of chemical carcinogen exposure. 7 Such 
variations in constitutive metabolism and DNA 
repair contribute to the relative susceptibility of 
individual members of the population to chemi­
cal exposures. For example, only 10% of tobacco 
smokers develop lung cancer, albeit that tobacco 
use accounts for other fatal conditions, including 
heart disease. Within the conceptual framework 
of multistage carcinogenesis, the initial genetic 
change that results from chemical-DNA interac­
tion is termed tumor initiation. 8,9 Thus, initiated 
cells are irreversibly altered and are at a greater 
risk of malignant conversion than are normal 
cells. The epigenetic effects of tumor promoters 
facilitate the clonal expansion of the initiated 
cells. 9 Selective, clonal growth advantage causes 
a focus of preneoplastic cells to form. These cells 
are more vulnerable to turnorigenesis because 
they now present a larger, more rapidly prolifer­
ating, target population for the further action of 
chemical carcinogens, oncogenic viruses, and 
other cofactors. Additional genetic changes con, 
tinue to accumulate. The activation of onco­
genes, and the inactivation of tumor suppressor 
and DNA-repair genes, leads to genomic insta­
bility or the so called mutator phenotype and an 
acceleration in the genetic changes taking 

place. Io. 1 ' This scenario leads to malignant con­
version, tumor progression, and metastasis. The 
underlying molecular mechanisms that govern 
chemical carcinogenesis are becoming under­
stood, and the insights generated are assisting in 
the development of better methods to investigate 
human cancer risk and susceptibility. 12 The 
results of such studies are intended to mold 
strategies for prevention and intervention. More­
over, insights into the normal operations of so­
called gatekeeper genes, 13 like the tumor sup­
pressor p53, have provided an opportunity to 
develop new, targeted, therapeutic approacbes. '4 

MULTISTAGE CARCINOGENESIS 

Carcinogenesis can be divided conceptually into 
four steps: tumor initiation, tumor promotion, 
malignant conversion, and tumor progression 
(Figure 17-1 ). The distinction between initiation 
and promotion was recognized through studies 
involving both viruses and chemical carcino­
gens.8,15 This distinction was formally defined in 
a murine skin carcinogenesis model in which 

mice were treated topically with a single dose of 
a polycyclic aromatic hydrocarbon (ie, initiator), 
followed by repeated topical doses of croton oil 
(ie, promoter),8 and this model has been 
expanded to a range of other rodent tissues, 
including bladder, colon, esophagus, liver, lung, 
mammary gland, stomach, and trachea.16 During 
the last 50 years, the sequence of events compris­
ing chemical carcinogenesis bas been systemati­
cally dissected and the paradigm increasingly 
refined, and both similarities and differences 
between rodent and human carcinogenesis have 
been identified.17,18 Carcinogenesis requires the 
malignant conversion of benign hyperplastic 
cells to a malignant state, and invasion and metas­
tasis are manifestations of further genetic and 
epigenetic changes. 19 21 The study of this process 
in humans is necessarily indirect and uses infor­
mation from lifestyle or occupational exposures 
to chemical carcinogens. Measures of age-depen­
dent cancer incidence have shown, however, that 
the rate of tumor development is proportional to 
the sixth power of time, suggesting that at least 
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four to six independent steps are necessary. 22 Par­
tial scheduling of specific genetic events in this 
process has been possible for some cancers . 
Examples of sequential genetic and epigenetic 
changes occurring with the highest probability 
during cancer development, are of the head and 
neck, 23 or colon cancer. 24 

TUMOR INITIATION The early concept of tumor 
initiation indicated that the initial changes in 
chemical carcinogenesis are irreversible genetic 
damage. However, recent data from molecular 
studies of preneoplastic human lung and colon tis­
sues implicate epigenetic changes as an early 
event in carcinogenesis. DNA methylation of pro­
moter regions of genes can transcriptionally 
silence tumor-suppressor genes. 21 For mutations 
to accumulate, they must arise in cells that prolif­
erate and survive the lifetime of the organism. A 
chemical carcinogen causes a genetic error by 
modifying the molecular structure of DNA that 
can lead to a mutation during DNA synthesis. 
Most often, this is brought about by forming an 
adduct between the chemical carcinogen or one of 
its functional groups and a nucleotide in DNA. 16 

(The process by which this occurs for the major 
classes of chemical carcinogens is discussed in 
detail under "Carcinogen Metabolism''). In gen­
eral, a positive correlation is found between the 
amount of carcinogen-DNA adducts that can be 
detected in animal models and the number of 
tumors that develop.25 27 Thus, tumors rarely 
develop in tissues that do not form 
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carcinogen-DNA adducts. Carcinogen-DNA 
adduct formation is central to theories of chemical 
carcinogenesis, and it may be a necessary, but not 
a sufficient. prerequisite for tumor initiation. 
DNA adduct formation that causes either the acti­
vation of a protooncogene or the inactivation of a 
tumor-suppressor gene can be categorized as a 
tumor-initiating event (see "Tumor Progression." 
"Oncogenes:· and ''Tumor-Suppressor Genes''). 

TUMOR PROMOTION Tumor promotion com­
prises the selective clonal expansion of initiated 
cells. Because the accumulation rate of muta­
tions is proportional to the rate of cell division. 
or at least the rate at which stem cells are 
replaced, clonal expansion of initiated cells thus, 
produces a larger population of cells that are at 
risk of further genetic changes and malignant 
conversion. 19·28 'Iurnor promoters are generally 
nonmutagenic, are not carcinogenic alone, and 
often (but not always) are able to mediate their 
biologic effects without metabolic activation. 
These agents are characterized by their ability to 
reduce the latency period for tumor formation 
after exposure of a tissue to a tumor initiator, or 
to increase the number of tumors formed in that 
tissue. In addition, they induce tumor formation 
in conj unction with a dose of an initiator that is 
too low to be carcinogenic alone. Croton oil (iso­
lated from Croton tig/ium seeds) is used widely 
as a tumor promoter in murine skin carcinogene­
sis, and the mechanism of action for its most 
potent constituent, 12-tetradecanoylphorbol-13-

acetate, via protein kinase C activation, is 
arguably the best understood among tumor pro­
moters. 27 Chemicals or agents capable of both 
tumor initiation and promotion are known as 
complete carcinogens, eg, benzo[a]pyrene and 
4-aminobiphenyl. 

Identification of new tumor promoters in ani­
mal models has accelerated with the sophisti­
cated development of model systems designed to 
assay for tumor promotion. Furthennore, ligand­
binding properties can be determined in recom­
binant protein kinase C isozymes that are 
expressed in cell cultures.27 Chemicals, complex 
mixtures of chemicals, or other agents that have 
been shown to have tumor-promoting properties 
include dioxin, benzoyl peroxide, macro­
cyclic lactones, bromomethylbenzanthracene, 
anthralin, phenol, saccharin, tryptophan, dichlo­
rodipheny ltrichloroethane (DDT), phenobarbi­
tal, cigarette-smoke condensate, polychlorinated 
biphenyls (PCBs), teleocidins, cyclamates, 
estrogens and other hormones, bile acids, ultra­
violet light, wounding, abrasion, and other 
chronic irritation (ie, saline lavage).1 6 In addi­
tion. protein kinase C is activated and cellular 
diacylglycerol elevated in laboratory animals 
maintained on high-fat diets.29.Jo 

MALIGNANT CONVERSION Malignant conver­
sion is the transformation of a preneoplastic cell 
into one that expresses the malignant phenotype. 
This process requires further genetic changes. 
The total dose of a tumor promoter is less signif-



icant than frequently repeated administrations, 
and if the tumor promoter is discontinued before 
malignant conversion has occurred, premalig­
nant or benign lesions may regress. Tumor pro­
motion contribute to of carcinogenesis by the 
expansion of a population of initiated cells, that 
will then be at risk for malignant conversion. 
Conversion of a fraction of these cells to malig­
nancy will be accelerated in proportion to the 
rate of cell division and the quantity of dividing 
cells in the benign tumor or preneoplastic lesion. 
In part, these further genetic changes may result 
from infidelity of DNA synthesis.31 The rela­
tively low probability of malignant conversion 
can be increased substantially by the exposure of 
preneoplastic cells to DNA-damaging agents, 16 

and this process may be mediated through the 
activation of protooncogenes and inactivation of 
tumor suppressor genes. 

TUMOR PROGRESSION Tumor progression 
comprises the expression of the malignant phe­
notype and the tendency of malignant cells to 
acquire more aggressive characteristics over 
time. Also, metastasis may involve the ability of 
tumor cells to secrete proteases that allow inva­
sion beyond the immediate primary tumor loca­
tion. A prominent characteristic of the malignant 
phenotype is the propensity for genomic insta­
bility and uncontrolled growth. 32 During this 
process, further genetic and epigenetic changes 
can occur, again including the activation of pro­
tooncogenes and the functional loss of tumor 
suppressor genes. Frequently, protooncogenes 
are activated by two major mechanisms: in the 
case of the ras gene family, point mutations are 
found in highly specific regions of the gene (ie, 
the twelfth, thirteenth, fifty-ninth, or sixty-first 
codons), and members of the myc, raj, her2, and 
jun multigene families can be overexpressed, 
sometimes involving amplification of chromo­
somal segments containing these genes. Some 
genes are overexpressed if they are translocated 
and become juxtaposed to a powerful promoter 
(eg, the relationship of hcl-2 and irnrnunoglobu­
lin gene promoter regions in 8-cell malignan­
cies; see Philadelphia chromosome). Loss of 
function of tumor-suppressor genes usually 
occurs in a bimodal fashion, and most frequently 
involves point mutations in one allele and loss of 
the second allele by a deletion, recombinational 
event. or chromosomal nondisjunction. These 
phenomena confer to the cells a growth advan­
tage as well as the capacity for regional invasion, 
and ultimately, distant metastatic spread. Despite 
evidence for an apparent scheduling of certain 
mutational events, it is the accumulation of these 
mutations, and not the order or the stage of 
tumorigenesis in which they occur, that appears 
to be the determining factor. 23,24 

GENE-ENVIRONMENT INTERACTIONS 
AND INTERINDMDUAL VARIATION 

A cornerstone of human chemical carcinogene­
sis is the concept of gene-environment interac­
tions (Figure 17-2). 7 Potential interindividual 
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susceptibility to chemical carcinogenesis may 
well be defined by genetic variations in the host 
elements of this compound system. Functional 
polymorphisms in human proteins that have, or 
may have, a role in chemical carcinogenesis 
include enzymes that metabolize (ie, activate and 
detoxify) xenobiotic substances, enzymes that 
repair DNA damage, cell surface receptors that 
activate the phosphorylation cascade and cell­
cycle control genes (ie, oncogenes and tumor­
suppressor genes that are elements of the signal 
transduction cascade). 

CARETAKER AND GATEKEEPER GENES 

Recently, the concept of gatekeeper and caretaker 
genes, characterized by their control of net cellu­
lar proliferation or maintenance of genomic 
integrity respectively, was introduced.13.33 Exam­
ples of gatekeeper genes include APC and /3-
catenin in colon epithelial cells, Rb in retinal 
epithelial cells, NFJ in Schwann cells, and VHL 
in kidney cells. The most prominent example of a 
gatekeeper is the APC gene in colorectal cancer. 
An alteration in APC may lead to a derangement 
of the cellular proliferation pathway, which is 
necessary for maintaining a constant cell popula­
tion. However, this function of APC has a high 
specificity for colonic epithelial cells, but is lack­
ing in most other organs. In murine as well as 
human colon cancer, APC mutation occurs early 
on in carcinogenesis.34 36 Although other genes 
such asK-ros andp53 play significant roles in the 
later stages of colorectal carcinogenesis, APC 
mutation, and the less-common {3-catenin muta­
tions, are essential events in neoplastic initiation 
(reviewed in Ref. 33). If this concept of a gate­
keeper pathway holds true for the initiation of 
neoplasia in general. then the identification of 
other gatekeeper genes can be anticipated. 

Unlike gatekeeper genes, caretaker genes gen­
erally maintain genomic stability and are not 

involved directly in neoplastic initiation. Genetic 
instability caused by mutations in caretaker genes 
enhances the probability of mutation in other 
genes, including those in the gatekeeper pathway. 
Mismatch DNA-repair genes, such as MSH2 and 
MUil. are caretaker genes, and abnomtalities in 
these genes enhance genomic instability and 
increase the risk of human colon cancer. Based on 
this knowledge of human colon carcinogenesis, 
animal models have been developed. 37 39 Similar 
in vivo, as well as in vitro models, should be devel­
oped for carcinogenesis in other tissues. Breast 
cancer-susceptibility genes, BRCAJ and BRCA2, 
were recently included in the list of caretaker 
genes.13 The same report suggested that an indi­
vidual who inherits a mutated caretaker gene is at 
a lowerrisk of cancer as compared to an individual 
who inherits a mutated gatekeeper gene. This dif­
ference is attributed to the finding that three or 
more additional somatic mutations are required to 
initiate neoplasia in the caretaker pathway, versus 
only one additional somatic mutation that is 
required to initiate neoplasia in the gatekeeper 
pathway. The analysis of potentially preneoplastic 
lesions for mutations in gatekeeper and caretaker 
genes could provide short-term and less-expensive 
pathobiologic end points for hazard identification 
and molecular epiderniologic studies. 

When chemicals or xenobiotics encounter bi~ 
logic systems, they become altered by metabolic 
processes. This is an initial facet of gene-environ­
ment interaction. The interindividual variation in 
carcinogen metabolism and macromolecular 
adduct formation arising from such processes was 
recognized 20 to 25 years ago.40 The cytochrome 
P450 (CYP) multigene family is largely responsi­
ble for the metabolic activation and detollication 
of many different chemical carcinogens in the 
hwnan environrnent.41 Cytochrome P450s are 
Phase I enzymes that act by adding an atom of 
oxygen onto the substrate; they are induced by 
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polycyclic aromatic hydrocarbons and chlorinated 
hydrocarbons.42 Phase II enzymes act on oxidized 
substrates and also contribute to xenobiotic 
metabolism. Some Phase II enzymes are methyl­
transferases; acetyltransferases; glutathione trans­
ferases; uridine 5'-diphosphoglucuronosyl trans­
ferases; sulfotransferases; nicotinarnide adenine 
dinucleotide (NAO)- and nicotinamide adenine 
dinucleotide phosphate (NADP)-dependent alco­
hol; aldehyde; steroid dehydrogenases; qui.none 
reductases; NADPH diaphorase; azo reductases; 
aldoketoreductases; transaminases; esterases; and 
hydrolases. The pathways of activation and detox­
ification are often competitive, providing yet fur­
ther potential for individual differences in propen­
sity for carcinogen metabolism. 

This scenario is further complicated by a sec­
ond facet of gene-environment interaction that 
leads to enzyme induction or inhibition. In this 
case, environmental exposures alter gene expres­
sion, and genes responsible for carcinogen 
metabolism can be upregulated or repressed by 
certain chemical exposures. 

benzene rings that form from incomplete com­
bustion of fossil fuels and vegetable matter 
(including tobacco), and they are common envi­
ronmental contaminants. The polycyclic aromatic 
hydrocarbons are chemically inert, and require 
metabolism to exert their biological effects.49.SO 
This is a multistep process, it involves the follow­
ing: initial epoxidation (cytochrome P450, 
CYPlAl is an inducible isoforrn), hydration of 
the epoxide (epoxide hydrolase), and subsequent 
epoxidation across the olefinic bond (CYPlBl; 
CYP3A4) (Figure 17-3). The result is the ulti­
mate carcinogenic metabolite, a diol-epox­
ide.51.52 The biology ofCYPlAl metabolism has 
been elucidated providing a molecular basis for 
inducibility and interindividual variation, 42,53,54 
and variations in cytochrome levels among 
humans has been documented.55 

The arene ring of benzo[a]pyrene-7,8-diol 
9,10-oxide opens spontaneously at the 10 posi­
tion, giving a highly reactive carbonium ion that 
can form a covalent addition product (ie, adduct) 
with cellular macromolecules, including DNA. 
An alternative pathway of PAH activation, 

B 

through a mechanism of one electron oxidation, 
has also been postulated. 56 When benzo[ a ]pyrene 
is activated by this route, the resulting radical 
cation is formed at the meso position or L­
region. 52 The reactive cation forms DNA adducts 
at the CS of guanine (BP-6-CSGua and BP-6-
CSdGua), the N7 of guanine (BP-6-N7Gua), and 
the N7 of adenine (BP-6-N7ade) (Figure 17-4). 
These adducts place strain on the N-glycosyl link 
to the helical backbone and depurination results. 
Firm evidence for the exfoliation of these adducts 
in urine was provided recently for exposure sce­
narios that included coal and tobacco smoke.57 

Aromatic amines are another class of chemi­
cal carcinogens found in cigarette smoke, diesel 
exhaust, industrial environments and certain 
cooked foods. The compound, 4-aminobiphenyl, 
is thought to be responsible for bladder cancer 
among tobacco smokers and rubber industry 
workers. 58 In addition, nitrated polycyclic aro­
matic hydrocarbons are also environmental con­
taminants resulting from the incomplete combus­
tion of vegetable matter and diesel fuel, and they 
are related to aromatic amines by nitroreduction. 

The metabolic activation of aromatic amines 
is complex.59 They can be converted to an aro­
matic amide that is catalyzed by an acetyl coen­
zyme A-dependent acetylation. The acetylation 
phenotype varies among the population. Persons 
with the rapid acetylator phenotype are at a 
higher risk of colon cancer, whereas, those who 
are slow acetylators are at a risk of bladder can­
cer.60 This latter association may result from the 
fact that activation of aromatic amines by N-oxi­
dation is a competing pathway for aromatic 
amine metabolism. Also the N-hydroxylation 
products when protonated (by the acid condi­
tions in the urinary bladder) form reactive elec­
trophiles that bind covalently with DNA or pro­
teins to produce macromolecular damage. 

C 

A third facet of gene-environment interaction 
occurs when the chemical alters gene structure. 
Once a procarcinogen is metabolically activated 
to an ultimate carcinogenic form, it can bind 
covalently to cellular macromolecules, including 
DNA. This DNA damage can be repaired by sev­
eral mechanisms.43·44 Differences in rates and 
fidelity of DNA repair potentially influence the 
extent of carcinogen adduct formation (ie, bio­
logically effective dose) and, consequently, the 
total amount of genetic damage. The conse­
quence of polymorphisms in genes controlling 
the cell cycle ( serine/threonine kinases, transcrip­
tion factors, cyclins, cyclin-dependent kinase 
inhibitors, and cell surface receptors) is much 
less clear. However, molecular epidemiologic 
evidence suggests that certain common variants 
of these types of genes have a role in susceptibil­
ity to chemical carcinogenesis. 45,46 The evalua­
tion of polymorphisms as potential biomarkers of 
susceptibility in the human population are dis­
cussed under "Molecular Epidemiology." 
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An initial activation step for both aromatic 
amines and amides is N-oxidation by CYP1A2. 
CYPIA2 is inducible by phenobarbital, and 
because it is also responsible for the 3-demethy­
lation of 1,3,7-trimethylxanthine (ie, caffeine), 
CYP I A2 phenotype can be determined using this 
as a probe drug.6t The reaction of N-hydroxy­
arylamines with DNA appear to be acid cat­
alyzed, but they can be further activated by either 
an acetyl coenzymeA-dependent 0-acetylase or 
a 3'-phosphoadenosine-S'phosphosulfate-depen­
dent 0-sulfotransferase. The N-arylhydroxamic 
acids arise from the acetylation of N-hydroxy­
arylamines or N-hydroxylation of aromatic 
amides; they are not electrophilic and require 
further activation. The predominant pathway for 
this occurs through the acetyltransferase-cat­
alyzed rearrangement to a reactive N-acetoxy­
arylamine. Sulfotransferase catalysis forms of 
N-sulphonyloxy arylarnides. This complex path­
way results in two major adduct types, amides 
(ie, acetylated) and amines (ie, nonacetylated). 

The heterocyclic amines form while cooking 
food, primarily from the pyrolysis (> 1so·c 
(302.F) of amino acids, creatinine, and glucose. 
They have been recognized as food mutagens,62 

and they have been shown to form DNA adducts 
and cause liver tumors in primates.63 These com­
pounds are activated by CYP1A2, and their 
metabolites form DNA adducts in humans.64 The 
N-hydroxy metabolites of 3-amino-l-methyl-SH­
pyrido[ 4,3-b ]indole (frp-P-1 ), 2-amino-6-
methy l di pyri do ( 1,2-a:39 ,29-d)imidazole 
(Glu-P-1), and 2-amino-3-methyl-imidazo­
[ 4,5-f]quinoline (IQ) can react directly with DNA. 
Enzymic 0-esterification of N-hydroxy metabo­
lites plays a key role in activating food mutagens, 
and the N-hydroxy metabolites are also good sub­
strates for transacetylases. This suggests a possi­
ble etiologic role for these chemicals in colorectal 
cancer with the rapid acetylator phenotype. 

Aflatoxins {Bt, B2, Gt , and G2) are metabo­
lites of Aspergillu~ jlavu~ that contaminate cere­
als, grain. and nuts. A positive correlation exists 
between dietary aflatoxin exposure and the inci­
dence of liver cancer in developing countries, 
where grain spoilage is high. Aflatoxins are acti­
vated by several cytochrome P450s (CYP2A3; 
CYP2A6; CYP3A4).42·65 Aflatoxin Bt and Gt 
have an olefinic double bond at the 8,9-position, 
and they are more mutagenic and carcinogenic 
than aflatoxin B2 and G2, which are saturated and 
have an ethylenic bond at this position. This 
implies that the olefinic 8, 9-bond is the activation 
site. Further support for this mechanism comes 
from studies of DNA-adducts and the prevalence 
of p53 mutations in liver cancer. In people with 
liver cancer from parts of China and Africa, where 
food spoilage caused by molds is high. G:C to T:A 
transversions in codon 249 are frequent 66 This 
phenomenon is consistent with metabolic activa­
tion of aflatoxin B1 and the formation of depuri­
nating carcinogen-<leoxyguanosine adducts. 

Carcinogenic N-nitrosarnines are ubiquitous 
environmental contaminants and can be found in 
food, alcoholic beverages, cosmetics, cutting 

oils, hydraulic fluid, rubber, and tobacco.67 

Tobacco-specific N-nitrosamines, such as 4-
(methylnitrosoamino )-1-(3-pyridyl)-l-butanone, 
are carcinogenic in a wide range of animal 
species. Unlike exposure to many other carcino­
gens associated with tobacco use, exposure to 
tobacco-specific N-nitrosamines does not 
require pyrolysis, therefore they may account for 
the carcinogenic nature of snuff and chewing 
tobacco.68 The tobacco-specific nitrosamines 
are not symmetric so both small alky-adducts 
and large bulky adducts can be formed; for 
example, 4-(methylnitrosoamino )-1-(3-pyridyl)­
l-butanone metabolism gives rise to either a pos­
itively charged pyridyl-oxobutyl ion or a posi­
tively charged methyl ion, both of which are able 
to alkylate DNA.67·68 Endogenous nitrosation 
forms nitrosarnines when an amine reacts with 
nitrate alone or nitrite in the presence of acid. 
Thus, nitrite (used in curing meats) and L-cys­
teine, in the presence of acetaldehyde (a metabo­
lite of alcohol), form N-nitrosothiazolidine-4-
carboxylic acid. N-nitrosodimethylamine 
undergoes a-hydroxylation, catalyzed primarily 
by the alcohol inducible CYP2EI , to form an 
unstable cx-hydroxynitrosamine. The breakdown 
products are formaldehyde and methyl diazohy­
droxide. Methyl diazohydroxide and related 
compounds are powerful alkylating agents that 
can add a small functional group at more than l 0 
different DNA sites. 

DNA DAMAGE AND REPAIR 

The chemical structure of DNA can be altered by 
a carcinogen in several ways: the formation of 
bulky aromatic-type adducts, alkylation (gener­
ally small adducts), oxidation, dimerization, and 
deamination. In addition, double- and single­
strand breaks can occur. Also, chemical carcino­
gens can cause epigenetic changes, such as alter­
nating the DNA methylation status that leads to 
the silencing of specific gene expression. 69 A 
complex pattern of carcinogen-DNA adducts 
likely results from exposure to tobacco smoke, 
because of the mixture of different chemical car­
cinogens present 70 

Benzo[ a ]pyrene-7,8-diol 9, l 0-epoxide reacts 
with the exocyclic (N2) amino group of 
deoxyguanosine and resides within the minor 
groove of the double helix; it is typical of poly­
cyclic aromatic hydrocarllons (see Figure 17-3). 
This adduct appears to be the most common, per­
sistent adduct ofbenzo[a)pyrene in mammalian 
systems, but others are possible. Some metabo­
lites bind covalently with deoxyadenosine, and 
proapurinic adducts form through one electron 
oxidation (see Figure 17-4). This type of adduct 
is thought to induce ras gene mutations, which 
are common in tobacco-smoking-related lung 
cancers.56,57.7t.72 Aromatic amine adducts are 
more complex, because they have both acety­
lated and nonacetylated metabolic intermediates 
and they form covalent bonds at the C8, N2, and 
sometimes 06 positions of deoxyguanosine as 
well as deoxyadenosine. The major adducts, 
however, are C8-deoxyguanosine adducts, which 
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reside predominantly in the major groove of the 
DNA double helix (see Figure 17-4).59 

Aflatoxin Bt and G1 activation occurs 
through hydroxylation of the olefinic 8,9-posi­
tion and adducts are formed at the N7-position of 
deoxyguanosine. They are relatively unstable and 
have a half-life of approximately 50 h at neutral 
pH; depurination products have been detected in 
rat and human urine.73 The aflatoxin Bt-N7-
deoxyguanosine adduct also can undergo ring 
opening to yield two pyrimidine adducts; alter­
nately, aflatoxin B t-8,9-dihydrodiol could result. 
This latter possibility could restore the DNA 
molecular structure if hydrolysis of the original 
adduct occurs, but a potentially promutagenic 
lesion would result if the 8,9-dihydrodiol results 
from degradation of open-ring adduct forms. 74 

DNA alkylation can occur at many sites either 
following the metabolic activation of certain 
N-nitrosamines, or directly by the action of the N­
alkylureas (N-methyl-N-nitrosourea) or the 
N-nitrosoguanidines. The protonated alkyl-func­
tional groups that become available to form 
lesions in DNA generally attack the following 
nucleophilic centers: adenine (NI , N3, and N7), 
cytosine (N3), guanine (N2, 06, and N7), and 
thymine (02, N3, and 04). Some of these lesions 
are known to be repaired (06-methyldeoxy­
guanosine), while others are not (N7-
methyldeoxyguanosine).67,68 Furthermore, 0 6-
methyldeoxyguanosine is a promutagenic lesion, 
whereas N7-methyldeoxyguanosine is not. 

Oxyradical damage can form thymine glycol 
or 8-hydroxydeoxyguanosine adducts. Exposure 
to organic peroxides ( catechol, hydroquinone, 
and 4-nitroquinoline-N-oxide) leads to oxyradi­
cal damage; however, oxyradicals and hydrogen 
peroxide can be generated in lipid peroxidation 
and the catalytic cycling of some enzymes. 75 

Tobacco smoke is also a source of oxyradicals, 
and by inducing an inflammatory response, 
tobacco smoke can contribute to diseases such as 
asthma and chronic heart disease, as well as can­
cer. 76. 77 Also, certain drugs and plasticizers can 
stimulate cells to produce peroxisomes. 78 Addi­
tionally, increased oxyradical formation is medi­
ated through protein kinase C when inflamma­
tory cells are exposed to tumor promoters like 
phorbol esters. 79 

Another potentially mutagenic cause of DNA 
damage is the deamination of DNA-methylated 
cytosine residues. 5-Methylcytosine comprises 
approximately 3% of deoxynucleotides. In this 
case, deamination at a CpG dinucleotide gives 
rise to a TpG mismatch. Repair of this lesion 
most often restores the CpG; however, repair 
may also cause a mutation (TpA). 80 Dearnina­
tion of cytosine also can generate a C-to T transi­
tion if uracil glycosylation and G-T mismatch 
repair are inefficient Oxyradicals can enhance 
the deamination rate, so the activity of inducible 
nitric oxide synthase and production of high con­
centrations of nitric oxide could contribute to 
DNA damage by this mechanism.8 1 

Maintenance of genome integrity requires 
abrogation of DNA damage, and diminished 
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DNA-repair capacity is associated with carcino­
genesis, binh defects, premature aging, and fore­
shortened lifi>-span. DNA-repair enzymes act at 
DNA-damage sites caused by chemical carcino­
gens, and six major mechanisms are known: direct 
DNA repair, nucleotide excision repair, base exci­
sion repair. nonhomologous end joining ( double­
strand break repair), mismatch repair, and homol­
ogous recombination (postreplication repair).44,82 

In the presence of nonlethal DNA damage, 
cell-cycle progression is postponed for repair 
mechanisms. This highly coordinated process 
involves multiple genes. A DNA-damage recogni­
tion sensor trigger.; a signal transduction cascade 
and downstream factors direct GI and G2 arrest in 
concert with the proteins operationally responsi­
ble for the repair process. Although there are at 
least six discrete repair mechanisms, within five 
of them there are numerous multiprotein com­
plexes comprising all the machinery necessary to 
accomplish the step-by-step repair function. 

Generically, DNA repair requires damage 
recognition, damage removal or excision, resyn­
thesis or patch synthesis, and ligation. Recent 
advances have led to the cloning of more than 130 
human genes involved in five of these DNA-repair 
pathways. A list of these genes and their specific 
functions was published elsewhere.83 These genes 
are responsible for the fidelity of DNA repair, and 
when they are defective the mutation rate 
increases. This is the mutator phenotype. 3 l Muta­
tions in at least 30 DNA-repair-associated genes 
have been linked to increased cancer susceptibility 
or premature aging (Table 17-2). 83 Moreover, it 
remains to be seen if common polymorphisms in 
some of these genes are associated with increased 
susceptibility in a gene-environment interaction 
scenario.40 However, recent evidence suggests that 
tobacco-smoking-related lung cancer is associated 
\vith a polymorphism in the nucleotide excision 
repair gene, ERCC2. 84 

Direct DNA repair is effected by DNA-alkyl­
transferases. These enzymes catalyze transloca­
tion of the alkyl moiety from an alkylated base 
(eg, 0 6-methyldeoxyguanosine) to a cysteine 
residue at their active site in the absence of DNA 
strand scission. Thus, one molecule of the 
enzyme is capable of repairing one DNA alkyl 
lesion. The inactivation of this mechanism by 
promoter hypermethylation is associated with K­
ras G to A mutations in colon cancer.BS 

In DNA nucleotide excision repair, lesion 
recognition, preincision, incision, gap-filling, 
and ligation are required, and the so-called 
excinuclease complex comprises 16 or more dif­
ferent proteins. Large distortions caused by 
bulky DNA adducts (eg, BPDE-dG and 4ABP­
dC) are recognized (XPA) and removed by 
endonucleases (XPF. XPG. FEN). A patch is 
then constructed (po/11, po/1:) and the free ends 
are ligated. 

Base excision repair also removes a DNA 
segment containing an adduct, however, small 
adducts (eg, 3-methyladenine) are generally the 
target so that there is overlap with direct repair. 
The adduct is removed by a glycosylase (hOggl, 
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UDG), an apunruc endonuclease (HAP 1) 
degrades a few bases on the damaged strand, and 
a patch is synthesized (pol/J) and ligated (DNA 
ligases: I, II, Illa, III~. and IV). 

DNA mismatches occasionally occur, 
because excision repair processes incorporate 
unmodified or conventional,_ but noncomple­
mentary, Watson-Crick bases opposite each 
other in the DNA helix. Transition mispairs (G-T 
or A-C) are repaired by the mismatch repair pro­
cess more efficiently than transversion mispairs 
(G-G, A-A, G-A. C-C, C-T. and T-T). The mech­
anism for correcting mispairings is similar to 
that for nucleotide excision repair and resynthe­
sis described earlier, but it generally involves the 
excision of large pieces of the DNA containing 
mispairings. Because the mismatch recognition 
protein is required to bind simultaneously the 
mismatch and an unmethylated adenine in a 
GATC recognition sequence, it removes the 
whole intervening DNA sequence. The parental 
template strand is then used by the polymerase to 
fill the gap. 

Double-strand DNA breaks can occur from 
exposure to ionizing radiation and oxidation. 
Consequences of double-strand DNA breaks are, 
the inhibition of replication and transcription, 
and loss of heterozygosity. Double-strand DNA 
break repair occurs through homologous recom­
bination, where the joining of the free ends is 
mediated by a DNA-protein kinase in a process 
that also protects the ends from nucleolytic 
attack. The free ends of the DNA then undergo 
ligation by DNA ligase rv. Genes known to code 
for DNA-repair enzymes that participate in this 
process include XR.CC4, XRCC5, XRCC6, 
XR.CC7. HRAD51B. HRAD52, RPA, andAJM.82 

Postreplication repair is a damage-tolerance 
mechanism and it occurs in response to DNA 
replication on a damaged template. The DNA 
polymerase stops at the replication fork when 
DNA damage is detected on the parental strand 

Alternately, the polymerase proceeds past the 
lesion, leaving a gap in the newly synthesized 
strand. The gap is filled in one of two ways: 
either by recombination of the homologous par­
ent strand with the daughter strand in a process 
that is mediated by a helical nucleoprotein 
(RADS!); or when a single nucleotide gap 
remains, mammalian DNA polymerases insert 
an adenine residue. Consequently, this mecha­
nism may lead to recombinational events as well 
as base-mispairing. 

MUTATOR PHENOTYPE 
Cancer cells contain substantial numbers of 
genetic abnormalities when compared with nor­
mal cells. These abnormalities range from gross 
changes such as nondiploid number of chromo­
somes, ie, aneuploidy, and translocations or 
rearrangements of chromosomes, to much 
smaller changes in the DNA sequence including 
deletions, insertions, and single nucleotide sub­
stitutions. Therefore, carcinogenesis involves 
errors in (1) chromosomal segregation; (2) 
repair of DNA damage induced by either 
endogenous free radicals or environmental car­
cinogens; and (3)'DNA replication. Loeb and 
coworkers originally formulated the concept of 
the mutator phenotype in 197486 to account for 
the high numbers of mutations in cancer cells as 
compared to the rarity of mutations in normal 
cells. Recent advances in the molecular analysis 
of the carcinogenesis in human cells and animal 
models have refined the mutator phenotype11 

concept that is also linked to the clonal selection 
theory proposed by Nowell87 (Figure 17-5). 

The fidelity of DNA replication and the par­
titioning of equal numbers of chromosomes to 
the daughter cells is remarkably accurate in 
dividing normal cells. Whereas, the maintenance 
of the species will tolerate few mutations in germ 
cells, somatic cells · may tolerate many more 
mutations that cause cancer and other life-short-
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ening diseases. Although rare in the human pop­
ulation, inherited mutations in specific genes 
that are responsible for rare cancer-prone dis­
eases are consistent with the mutator phenotype 
concept and indicate examples of functional 
classes of genes that, when mutated, increase the 
probability of cancer. 

Examples of cancer syndromes include 
those with defective nucleotide excision repair 
(eg, xeroderma pigmentosum), or mismatch 
DNA repair (eg, hereditary nonpolyposis col­
orectal cancer syndrome). Germ line mutations 
in DNA helicases also cause the cancer-prone 
Bloom and Werner syndromes. Other functional 
classes of genes required for maintaining 
genomic stability, that when mutated, may be 
responsible for the mutator phenotype, includ­
ing the very genes involved in DNA replication, 
deoxynucleotide metabolism, cell cycle check­
points, and mitosis (see Table 17-2). The p53 
tumor-suppressor gene is frequently mutated in 
human cancer,88 90 and is involved in DNA 
repair and recombination, cell-cycle check­
points, and apoptosis.91 Thus,p53 may be a tar­
get gene for a mutator phenotype. 

CLONAL EVOLUTION 

Clonal evolution in human tumors is complex. 
because there is evidence that a single progenitor 
stem cell gives rise to all the cells in the tumor, as 
well as evidence for a hierarchical system of 
stem cells. Both systems likely exist. In tobacco­
related cancer of the lung, metachronous bilat­
eral masses have, in some cases, a similar genetic 
background, while in other cases, they are dis­
similar. 92,93 In addition, mixed pathology 
adenosquamous bronchioalveolar carcinomas 
are most frequently composed of a unique 
genetic profile, although a small percentage pre­
sent variability.94 Together, these fmdings sug­
gest that multifocal masses may exist where dif. 
ferent foci have a common stem cell as well as 
multifocal masses where each focus has its own 
clonal origin. 

Cancers of the head and neck are frequently 
tobacco related and many patients develop 
metachronous tumors, thus it provides another 
tumor type in which to approach the question of 
clonality. Comparative molecular analysis found 
some paired tumors, arising in the same field, 
shared a common origin. These fmdings indicate 
that a single progenitor cell can replicate, 
expand, and populate contiguous regions in the 
process of clonal expansion. 23,95 However, the 
zonal limits of clonal expansion have not yet 
been adequately determined.96, 97 

Further evidence for clonality in tumors 
comes from studies of loss of heterozygosity, 
where allelic loss invariably affects the same 
chromosome.98 Even more convincing is differ­
ential methylation in female cancer patients. 
Inactivation of the X chromosome (by methyla­
tion) during embryogenesis is random so poly­
clonal female tissues develop with an approxi­
mately equal complement of inactivated 
maternal and paternal X chromosomes. In mon-
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oclonal tissues, the same inactive X chromosome 
should be present in all of the cells. By use of 
methylation, sensitive restriction enzymes in vir­
tually all colorectal tumors in females were 
found to be monoclonal. 99 Genetic studies have 
found at least 95% of human tumors to be mon­
oclonal in origin. 

In chronic myelogenous leukemia, the early 
disease phase is characterized by the Philadel­
phia chromosome, a single reciprocal transloca­
tion, t(9;22). The formation of a hybrid gene of 
c-ahl with the breakpoint cluster region (BCR) 
activates the protooncogene. The resulting gene 
product has elevated tyrosine kinase activity. The 
later stages of chronic myeloid leukemia are typ­
ified by overgrowth of one or more subclones 
that have additional karyotypic alterations. 

ONCOGENES AND TUMOR-SUPPRES­
SOR GENES 

Chronic exposures to carcinogens of the mutator 
phenotype and clonal selection over several 
decades result in cancer. Although the pheno­
typic traits of individual cancers are highly vari­
able, commonly acquired capabilities include 
limitless replicative potential, self-sufficiency in 
growth signals, insensitivity to antigrowth sig­
nals, evading apoptosis, tissue invasion, sus­
tained angiogenesis, and metastasis. 100 These 
phenotypic traits reflect a complex molecular 
circuitry of biochemical pathways and protein 
machines within cancer cells. 18 

The genes encoding the proteins within the 
cancer-associated molecular circuitry are of many 
functional classes and historically, have been con-

ceptually divided into oncogenes and tumor sup­
pressor genes. Detailed descriptions of oncogenes 
and tumor-suppressor genes are found in Chapters 
4 and 5. The ras oncogene and the p53 tumor-sup­
pressor gene will be used as examples of molecu­
lar targets of chemical carcinogens. 

Activated ras genes predominate as the fam­
ily of oncogenes to be isolated from solid tumors 
that are induced by chemicals in laboratory ani­
mals. Members of the ras gene family code for 
proteins of molecular weight 21,000 (p21); these 
proteins are membrane bound, have GTPase 
activity, and form complexes with other proteins. 
The ras genes code for small G-proteins (guanine 
nucleotide binding) that exert a powerful prolifer­
ative response through the signal transduction 
cascade. The first direct evidence of protoonco­
gene activation by a chemical carcinogen was 
obtained from in vitro studies. 101 A wild-type 
recombinant clone of the human Ha-ras gene 
(pEC) was modified with benzo[a]pyrene-diol­
epoxide. The treated plasmid was then used to 
transfect murine NIH-3T3 cells, with the result 
that the transformed cell foci contained the same 
point mutations (in either codon 12 or 61) known 
to exist in activated ras genes isolated from 
human tumors including the bladder (pEJ). In 
animal models of chemical carcinogenesis and 
surveys of different types of human tumors that 
arise from a variety of environmental exposures, 
raf mutations have been found.27,9s.102 For exam­
ple, tobacco smoke can mutate k-ras during the 
molecular pathogenesis of human lung adenocar­
cinoma. 72 In rodents, polycyclic aromatic hydro­
carbons (3-methylcholanthrene, 7,12-dimethyl-

benz[a]anthracene and benzo[a]pyrene) have 
been used repeatedly to produce both benign 
tumors and malignant carcinomas. A large pro­
portion of these premalignant and malignant 
lesions have mutations in either the twelfth or 
sixt-first codons. Similarly, treatment of rats with 
either 7,12-dimethylbenz[a]anthracene or N­
methyl-N-nitrosourea resulted in the develop­
ment of mammary carcinomas containing ras 
codon 12 or 61 mutations. These types of muta­
tion also have been observed in mouse skin after 
initiation with 7, 12-dimethylbenz[ a ]anthracene 
and tumor promotion with 12-0-tetrade­
canoylphorbol-13-acetate. Mutations in ras have 
been found in mouse liver after treatment with 
either vinyl carbamate, hydroxydehydroes­
tragole, or N-hydroxy-2-acetylaminofluorene. 
The same point mutations have been found in 
murine thymic lymphomas after treatment with 
N-methyl-N-nitrosourea or y-radiation, and in 
other rodent skin models after treatment with 
either methylmethanesulfonate, a-propiolactone, 
dimethylcarbamyl chloride, or N-methyl-N9-
nitro-N-nitrosoguanidine. 

These data indicate that chemical carcino­
gens may produce site-specific mutations based, 
in part, on nucleoside selectivity of the ultimate 
carcinogen. Persistence of a specific mutation, 
however, also depends on the amino acid substi­
tution in that the function of the mutant protein is 
altered to confer on the cell a clonal growth 
advantage. The types of mutations that are found 
in chemically activated ras genes cause confor­
mational changes that alter nucleotide binding to 
the p2 l protein in such a way that the p2 l 
GTPase activity is not reduced. Data supports 
the hypothesis that ras activation is associated 
with malignant conversion as well as tumor initi­
ation. Transfection of activated ras genes into 

, benign papillomas that did not contain a consti- · 
tutively activated ras gene, caused malignant 
progression. 102 These and other results implicate 
ras mutations in chemical carcinogenesis. Simi­
larly, malignant transformation occurred when 
immortalized human bronchial epithelial cells 
were transfected with an activated ras 
gene. l03.I04 Ki-ras gene mutations are also one 
of many changes that can arise either early or late 
in the development of colorectal carcinoma. 98 

These findings indicate that the accumulation of 
mutations, and not necessarily the order in which 
they occur, contributes to multistage carcinogen­
esis. Furthermore, the stage of carcinogenesis in 
which each mutation occurs is not necessarily 
fixed. In the model for human colorectal carci­
noma, ras mutations most often occur during 
malignant conversion, but can be an early event 
(ie, tumor initiation), but in the rodent skin mod­
els, raf mutations appear to be primarily a twnor­
initiating event. These differences may reflect 
the type of exposure, both in terms of chemical 
class and chronic versus acute exposure, or they 
may be a function of tissue type. 

The p53 tumor-suppressor gene is central in 
the response pathway to cellular stress.98 For 
example, DNA damage caused by chemical car-
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Vinyl chloride Hepatic angio,arcoma A: T _ T:A lralllVerSiom 

' For reviews see rels . 66, 106, 116, and 132. 

cinogens activates the p53 tumor-suppressor pro­
tein by posttranslational modification to trans­
duce signals to "guard the genome" 105 by engag­
ing cell-cycle checkpoints and enhancing DNA 
repair, and as a fail-safe mechanism, to cause 
replicative senescence or apoptotic death. Muta­
tions in the p53 gene or inactivation of its 
encoded protein by viral oncoproteins generally 
lead to a loss of these cellular defense functions. 
Not surprisingly, p53 mutations are common in 
human cancer.ss 90.106 

assessment of cancer causation, including 
strength of association ( consistency, specificity, 
and temporality) and biologic plausibility. 110 

These criteria can be applied for the analysis of 
data obtained in molecular epiderniologic stud­
ies. 111 Cigarette smoking has been established as 
a major risk factor for the incidence of lung can­
cer (Table 17-4). Codons 157, 248, and 273 of 
p53 are designated as mutational hotspots in 
lung cancer. The majority of mutations found at 
these codons are G to T transversions. Further­
more, besides lung cancer, codon 157 also con­
stitutes one of the hotspots for G to T transver­
sions in breast, and head and neck cancers. In 
smoking-associated lung cancer, the occurrence 
of G to T transversions has been linked to the 
presence of benzo[a]pyrene in cigarette smoke. 
Interestingly, codon 157 (GTC to TIC) muta­
tions are not found in lung cancer from never 
smokers.ss 90 A dose-dependent increase in p53 
G to T transversion mutations with cigarette 
smoking has been reported in lung cancer. 112 
BenzoL]pyrene diol-epoxide, the metabolically 
activated form of benzo[_]pyrene, has been 
shown to bind to guanosine residues in codons 
157,248, and 273, which are mutational hotspots 
in lung cancer. 113 Also, cigarette smoke conden-
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sate or benzo[_]pyrene neoplastically transforms 
in vitro human bronchial epithelial cells. 114 

IMPLICATIONS FOR MOLECULAR EPI­
DEMIOLOGY, RISKASSESSMENT,AND 
CANCER PREVENTION 
Molecular epidemiology has resulted from the 
confluence of several disciplines. 115 It encom­
passes the detection of carcinogen-macromolec­
ular adducts (DNA as a direct genotoxic measure 
and protein as a surrogate), normal DNA 
sequence variants (heritable variations), and 
mutations in target genes (somatic changes). 
Therefore, these investigations use epidernio­
logic methods to investigate all aspects of 
gene-environment interactions and risk assess.­
men! in human populations (Figure 17-6). 

The biologically effective dose of a chemical 
carcinogen is governed by the amount that 
reaches a target tissue in a form that becomes 
activated to a chemical species capable of caus­
ing DNA lesions. 116 Humans are most com­
monly exposed to complex mixtures of chemi­
cals. Human carcinogen dosimetry at the 
molecular level requires sensitive and specific 
methods for carcinogen-macromolecular adduct 

· quantitation. The low levels of adducts that are 
present in human DNA samples challenge the 
detection limits of conventional assay systems, 
and complex mixtures of adducted materials 
confound simple assay systems. 

The most commonly used methods for car­
cinogen-DNA dosimetry in humans are 32P­
nucleotide postlabeling, irnmunoassays, fluores­
cence spectroscopy, electrochemical 
conductance, and gas chromatography/mass 
spectroscopy (GC/MS). Each of these techniques 
currently has its own advantages and limitations, 
and within the framework of epiderniologic sur­
veys, multiple corroborative end-point analyses 
seem to provide the most useful information. 
These methodologies, their application, and their 
limitations are reviewed extensively elsewhere. 3 

For exposure to tobacco smoke, GC/MS has 
provided a tool to measure aromatic amine pro-

Molecular analysis of p53 can give clues to 
the environmental etiology of cancer (Table 17-3). 
It is implicit from the preceding text (DNA dam­
age and repair) that the covalent binding of acti­
vated carcinogens to DNA is not random. There­
fore, the formation of a particular DNA lesion to 
some extent may be deduced from the resulting 
mutation. A dramatic example of this phe­
nomenon is the previously mentionedp53 codon 
249 mutation. which is detected in almost all 
aflatoxin-related hepatocellular carcino­
mas. 89, I 07 The striking nature of this association 
could arise by two distinct mechanisms. First, the 
third base in codon 249 (AGG) may be unusually 
susceptible to activated aflatoxin B 1 mutations. 
As discussed earlier, aflatoxin Bi-8,9-oxide 
causes a promutagenic lesion by covalently bind­
ing to the N7 position of deoxyguanosine. Alter­
nately, cells bearing the codon 249 lesion may 
have a selective growth advantage. Evidence that 
a combination of these factors is responsible has 
been presented as we!J. 107 

l.1hk r:' •-l \"l''""llll'III ol ( orn,.lliun h~ llu· lh .ulh11cl llill ( 111u1.1.1 

Another prominent example where circumstan­
tial evidence points to specific molecular events is 
that of p53 mutations indicative of pyrimidine 
dimer formation in ultraviolet light-related skin 
cancers. 108 In the case of tobacco smoking and lung 
cancer, G:C to T:A transversions indicate forma­
tion of adducts from activated bulky carcinogens 
(eg. polycyclic aromatic hydrocarbons).66,88,I09 

ASSESSMENT OF CAUSATION BY THE 
BRADFORD-HILL CRITERIA 

Results obtained from molecular epidemiologic 
studies can be used for the assessment of causa­
tion. Using the "weight of the evidence" princi­
ple, Bradford-Hill proposed criteria in the 

Hypothesis: The chemical can:inogen, benzoL]pyrme, in tobacco='*• can caw,o p53 bocspot mutations at 
codom 157, 248, and 273 in buman lung carcinog,:oe,is. 

Strength of asaocilllioa 

Comistency 
Cigarette smoking OI' e"i>O"ure to coal smoke &R 

associated with a dole-response i~ in pSJ 
mutations (G to T 11m1versions) in human lung 
cancer. 

Specificity 
Codon 157 (GTC :!: TI'C) mutmi0111 in uncommon 

in other types of cancer, including in lung cancer 
from ncver smol<er1 

Temporality 
pSJ mutations can be fuund in bronchial dysplasia. 

• For rcviC'W'll $a: refit 111 and 136. 

Biological plausibility 

Tobacco smoke and benzo(...]pyrene are mutagens. 
BenzoLIJlyreoe is metabolically actived and furms 

benzoUpyrenc diol~id&-DNA a<liic:11 in 
buman bronchus in vitro (75-fold imerindividual 
'11riation). 

Beozo[_Jpyrene dioJ.q,oxide binds to Gs in codooa 
157, 248, and 273, which acop53 mutational 
hotspots. 

Beazo{_]pyrenc exposure to human cells in vitro 
produceocodon 248 (COO:!: CTO) p53 mutations. 

Cigan:na smoke coodensatea OI' beazo{:Jpyreno can 
neopl..ucally tnmsform human bronchlal epithelial 
cells in the laboratory. 
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Molecular Epidemiology of Human Cancer 

.------------i Carcinogen metabOlism 

Inherited susceptibility 

Carcinogen-DNA adducts 1---------~ 

Molecular dose 
mutation spectra 

DNA repair/genomic instability 

Mutations/genetic changes 

Human Cancer Risk Assessment 

• hazard identification • dose response 
• exposure assessment • risk characterization 

FIKure 17-6 Facet., of molecular epidemiology that in\.'~tigate gene environment interactiom. Once internalized. chemical carcinogens 
arc metabolized to reactive species that cause ON/\ damage (carcinogen ON/\ adduct.). The innate abil_ity to repair ON/\ damage may 

reduce or ablate the overall damage burden. Altcrnate}y. genetic c:hang~ (mutations. clastogenc:sL,) may occl.D'. Carcinogen metaboli.,m and 
ON/\ repair arc can,gorizablc genetic traits (host factors). DNA adducts (molecular dose) and mutational spectra arc measure, of expo•urc. 

Information from a.\Ray~ dei;igncd to investigate host factors and mea~re exp()flure can be used for human cancer ri.~ as.\e:\Sment. 

tein adducts such as 4-aminobiphenyl 
hemoglobin. These studies have shown a 
dose-response relationship between the extent of 
smoking, type of tobacco used, and the adduct 
levels. 11 7 Similarly, tobacco-specific 
nitrosamine globin adducts have been used to 
monitor the dose in smokers. A corroborative 
approach to the measurement of 
benzo[a]pyrene-DNA adducts has been used in 
the monitoring of both tobacco and coal smoke 
exposure. In this study, both GC/MS and fluo­
rescence line-narrowing spectroscopy were used 
to detect adducts exfoliated in urine.57,118 

In the case of aflatoxin B 1, levels of adducts 
exfoliated in human urine were measured by 
GC/MS. Aflatoxin-N7 guanine adducts correlated 
with environmental exposure and disease out­
come. Similarly, aflatoxin-albumin adducts pro­
vided a corroborative surrogate. Both of these 
markers were also correlated with 6-hydroxycorti­
sol levels, indicating a role for CYP3A4 in afla­
toxin BI activation. Particularly, the presence of 
aflatoxin-N7 guanine adducts in urine was associ­
ated with liver cancer. 119,1 20 Based on these find­
ings, a randomiz.ed clinical trial of the interceptor 
molecule, chlorophyllin (Derifil), was performed. 
The test drug or placebo was taken three times 
daily and urinary AFB1-N7-Gua was monitored by 
GC/MS. After 12 weeks, adduct levels were > 

100"/o higher among 90 persons taking the placebo 
than those (N = 90) taking chlorophyllin. 73 

Interindividual variation in cancer suscepti­
bility, and consequently, meaningful human can­
cer risk assessment, involve determination of 
inherited host factors as well as exposure assess­
ment. Most often, metabolic polymorphisms 
were determined by the use of indicator drugs 
(eg, caffeine, debrisoquine, dextromethorphan, 
dapsone, and isoniazid), however, these assays 
are being replaced by direct genetic assays. 55 

This approach has allowed the investigation of 
diverse host factors for which indicator drugs 
were not available, and it has been applied to a 
wide variety of cancers, including lung, bead, 
and neck. 121,122 Thus, propense genetic indica­
tors for carcinogen activation and detoxification, 
DNA-repair capacity, and cell-cycle control are 
all features of molecular epidemiologic studies 
that are complementary to adduct studies 
because of the implications for a biologically 
effective dose after exposure. 3 

Cytochrome P450 polymorphisms, involved 
in carcinogen activation, and glutathione-S-trans­
ferases, uridine diphosphate (UDP) glucurono­
syltransferases, sulfotransferases, and N-acyl­
transferases, involved in both carcinogen 
activation and detoxication, could explain varia­
tions in cancer susceptibility among the human 

population. Evidence that absent protection of a 
functionally intact GSTM 1 gene correlates with 
an increased risk of tobacco-related lung can­
cer.123· 124 Similarly, UDP glucuronosyltrans­
ferases (eg, UGTJAJ, UGTJA9, UGT2B7) have 
been implicated in cancers of the head and neck. 
Persons inheriting reduced activity variants of 
NATJ and NAT2 genes, resulting in the slow 
acetylator phenotype, are at a greater risk of aro­
matic amine-induced bladder cancer. This may 
include persons exposed through tobacco smoke 
inhalation. 6o Even though the inducible form of 
AHH ( CYP JAJ and CYP JA2) has long been sus­
pected of increasing cancer susceptibility in 
PAR-exposed persons, molecular epidemiologic 
studies remain inconclusive. Studies of CYP2D6 
metabolizer status and tobacco smoke-related 
lung cancer is similarly confusing. 7 However, 
analysis of multiple traits, for example, CYP JAJ 
and GSTM 1, in the same population may help to 
resolve these issues. Currently, there is a need for 
improved epiderniologic study design that inte­
grates DNA adduct measures with indicators of 
metabolic capacity. 124 127 

Many DNA-repair genes have been described 
recently, but relatively few polymorphisms have 
been identified. Nevertheless, molecular epi­
demiologic studies have provided evidence that 
genetic variation in these attributes can be a 
human cancer risk factor. 82 84 

The components of cell-cycle control com­
prise genes that code for cell membrane recep­
tors, intermediate messengers, and transcription 
factors. An early molecular epidemiologic study 
that examined a potential link of an early inter­
mediate messenger with cancer was that describ­
ing HRAS-1 rare alleles. 128 For most cancers 
studied, ambiguous results have been recorded 
but in the case of breast cancer, there have been 
nine studies to date, all of which are positively 
correlated. Five are highly significant, two are 
borderline, and two are not significant.46 Despite 
these positive findings, and the examples oflung 
and bladder cancer, a molecular mechanism 
remains elusive. Polymorphisms in p53, BRCA-
1, and Waf-1 (p21) have also been studied. In 
general, no associations with an increased cancer 
risk have been observed, however, several studies 
exist that have linked a specific p53 haplotype 
with a breast cancer risk. 45 

Molecular characterization oftwnors, that is, 
molecular profiling, is emerging as an important 
tool that has both etiologic and clinical applica­
tion. During chemical carcinogenesis, the 
genome becomes altered and mutations accumu­
late. These mutations become evident in genes 
responsible for growth control and cellular 
homeostasis (including protooncogenes, tumor­
suppressor genes, and some DNA-repair genes), 
because corruption of these functions is part of 
carcinogenesis. In respect to chemical carcino­
genesis, the most studied genes are Kirsten ras 
(KRAS) and p53. KRAS is mutated in approxi­
mately 30% oflung adenocarcinomas, and may 
prove to be an indicator of prognosis or a guide 
to treatment. 72 The p53 tumor-suppressor gene is 



mutated in most types ofhwnan cancers and it is 
the m~st commonly mutated gene yet known ( eg, 
mutations in p53 are found in approximately 
50% oflung cancers). Unlike ras gene mutations 
that are found in highly specific regions {codons 
12, 13. 59, and 61), p53 mutations occur more 
widely. This is presumably because a positive 
growth advantage is conveyed only with specific 
ras mutations and the loss of p53 tumor-suppres­
sor function can occur with less specificity. 
However, for some malignancies. p53 mutations 
have provided clues to cancer etiology (see Table 
17-3). 110

•
129 p53 is further distinguished from 

other genetic lesions in that several possible 
mutant phenotypes can exist. Mutations may 
sunply lead to the absence of p53, an inactive 
mutant protein may exist. or the mutant might 
convey a growth advantage. Several studies have 
investigated p53 expression. and even though its 
role in prognosis has not been clearly defined it 
may be that it will provide a guide to treatment 
options. 130-131 All mutant cancer genes are natu­
ral targets of gene-directed therapy. One notable 
success in this area is the use of Herceptin. Her­
ceptin (Trastuzumab) is a humanized mouse 
monoclonal antibody that has an affinity for 
Her2, an epidermal growth factor receptor­
related transmembrane receptor (pl85). Her­
ceptin preferentially mediates antibody-depen­
dent cellular cytotoxicity in cancer cells that 
overexpress Her2. l32,l33 

The goal of molecular epidemiology is to 
identify risk factors for disease and outcome. 
Variation among humans in carcinogen biodistri­
bution, metabolism, DNA adduct formation, 
DNA repair, and potential responses to tumor 
promoters have important implications in deter­
mining cancer risk. An increased understanding 
of the molecular basis of these differences and 
their connection with critical steps in carcino­
genesis may assist in future predictions of dis­
ease risk before the clinical onset of disease. 

The facets of molecular epidemiology of 
human cancer risk are the assessment of car­
cinogen exposure and inherited- and acquired­
host cancer-susceptibility factors. The interac­
tion between these facets determines cancer 
risk. When combined with carcinogen bioas­
says in laboratory animals and classical epi­
demiology, molecular epidemiology can con­
tribute to the four critical aspects of cancer risk 
assessment: ( 1) hazard identification, (2) dose-­
response assessment. (3) exposure assessment. 
and ( 4) risk characterization. Important bioeth­
ical considerations accompany the identifica­
tion of high-risk individuals; these include 
autonomy, privacy, justice, and equity. Benefits 
of the knowledge of risk for an individual may 
be offset by specific concerns relating to that 
individual's responsibility to family members 
and psycho_social anxiety regarding the genetic 
testing of children. Therefore, the uncertainty 
of current individual risk assessments and the 
limited availability of genetic counseling ser­
vices dictate caution. In addition. it is widely 
held that genetic testing should be restricted to 

~ose situations that are amenable to preventa­
uve or therapeutic intervention. l 34 
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