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; Chemical Carcinogenesis

W‘A“}‘g;]éy Wesfdn: PhD : Curtis C. Harris, MD

' Human chemical carcinogenesis is a
! multistage process that results from ex-
" posures, usually in the form of complex

chemical mixtures, often encountered in
- the environment or through our lifestyle
and diet (Table 15-1)* A prime example
is tobacco smoke, which can cause can-
cers at multiple sites including the lung,
" the bladder, and the head and neck.>”
Although most chemical carcinogens
do not react directly with intracellular
components, they are activated to car-
anogeruc and mutagenic electrophiles
py metabolic processes evolutionarily
~ designed to rid the body of toxins and
to modify endogenous compounds.
Flectrophilic chemical species are natu-
rally attracted to nucleophiles like de-
oxyribonucleic acid (DNA) and protein,
and through covalent bonding to DNA
genetic damage results. Once internal-
ized, carcinogens are subject to compet-
ing processes of metabolic activation and
detoxification, although some chemical
species can act directly. There is con-
siderable variation among the human
population in these competing metabolic
processes, as well as the capacity for re-
pair of DNA damage and cellular growth
control This is the basis for interindivid-

ual variation in cancer risk, and is a reflec-
tion of gene-environment interactions,
which embodies the concept that heri-
table traits modify the effects of chemucal
carcinogen exposure.® Such variations in
constitutive metabolism and DNA repair
contribute to the relative susceptibility of
individual members of the population to
chemical exposures. For example, only
10% of tobacco smokers develop lung
cancer, albeit that tobacco use accounts
for other fatal conditions, including
chronic obstructive pulmonary disease,
stroke, and heart disease. Within the
conceptual framework of multistage car-
cinogenesis, the primary genetic change
that results from a chemical-DNA inter-
action is termed tumor initiation > Thus,
initiated cells are irreversibly altered and
are at a greater risk of malignant conver-
sion than are normal cells. The epige-
netic effects of tumor promoters facilitate
the clonal expansion of the mitiated
cells”® Selective, clonal growth advan-
tage causes a focus of preneoplastic cells
to form. These cells are more vulner-
able to tumorigenesis because they now
present a larger, more rapidly proliferat-
ing, target population for the further ac-
tion of chemical carcinogens, oncogenic

Table 15-1 . Selected Examples of Human Chemical Carcinogenesis

digan System .

[Specific Pathology) Chemical Carcinogen Cocarcinogen
“Ling " Mstals: As, Be, Cd, Cr, Ni .
; T *BCME- -
mal! cell and squamous cell) Tobacco smoke Asbestos
> o Diesel exhaust -
Pledrat mesothelium Ashestos -
| cavity Smokeless tobacco -

- Betel quid .- -Slaked lime [Ca(QH),]
ophagus Tobacco smoke’ Alcohol '
sal sinuses snuff Powdered glass

Isopropy! alcoho! -
{scrotum) Cutting oil - o
Coal soot® -
Liver {angiosarcoma) Affatoxin B1 HBY, HCB
; i Vinyl chloride . Alcohot

benzidine)

Aromatic amines from tobacco smoke® -

L Benzene
L}'mphatic and hemapoietic Ethylene oxide
. malignancies

Aromatic amines (eg, 4-ABP and -

Note: A comprehensive treatise on the evaluation of the car

1nternatmna| Agency for Research on Cancer monograph program mmitiated in 19714

nsk of ch Istoh can be found in the ongoing

)
Early report of accupational chemical carcinogenesis from 225 years ago *

b
Strong circumstantial evidence.®®

Abbrewatlons 4-ABP, 4-aminobiphenyl; ALL, acute lymphoblastic leukemia, BCME, bischioromethy! ether; HBV, hepatitis B

Virus, HOV, hepatitis € virus

viruses, and other cofactors. Additional
genetic and epigenetic changes continue
to accumulate %" The activation of onco-
genes, and the inactivation of tumor sup-
pressor and DNA-repair genes, leads to
genomic instability or the so-called mu-
tator phenotype and an acceleration in the
genetic changes taking place.!*® This sce-
nario 1s followed by malignant conver-
sion, tumor progression, and metastasis.
The underlying molecular mechanisms
that govern chemical carcinogenesis are
becoming increasingly understood, and
the insights generated are assisting in
the development of better methods to in-
vestigate human cancer risk and suscep-
tibility* The results of such studies are
intended to mold strategies for preven-
tion and intervention. Moreover, insights
into the normal operations of so-called
gatekeeper genes!® like the tumor sup-
pressor TP53, have provided an opportu-
nity to develop new, targeted, therapeutic
approaches. 6t

Muliistage Carcinogenesls

Carcinogenesis can be divided concep-
tually into four steps: tumor initiation,
tumor promotion, malignant conversion,
and tumor progression (Fig. 15-1). The
distinction between initiation and pro-
motion was recognized through stud-
ies involving both viruses and chemical
carcinogens.®® This distinction was for-
mally defined in a murine skin carci-
nogenesis model in which mice were
treated topically with a single dose of a
polycyclic aromatic hydrocarbon (ie, ini-
tiator), followed by repeated topical dos-
es of croton oil (ie, promoter)” and this
model has been expanded to a range of
other rodent tissues, including bladder,
colon, esophagus, liver, lung, mammary
gland, stomach, and trachea.”” During the
last 50 years, the sequence of events com-
prising chemical carcinogenesis has been
systematically dissected and the para-
digm increasingly refined, and both sim-
ilarities and differences between rodent
and human carcinogenesis have been
identified.2? Carcinogenesis requires
the malignant conversion of benign hy-
perplastic cells to a malignant state, and
invasion and metastasis are manifesta-
tions of further genetic and epigenetic
changes.”** The study of this process in
humans is necessarily indirect and uses
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Figure 15-1 ¥ Multistage chemical carcinogenesis can be conceptually divided into four stages. tumor 1nitiation, tumor promotion, malig-
nant conversion, and tumor progression The activation of proto-oncogenes and mactivation of tumor suppressor genes are mutational events
that result from covalent damage to DNA caused by chemical exposures. The accumulation of mutations, and not necessarily the order in
whuch they occur, constitutes multistage carcinogenesis Source: From Refs. 26,99.

information from hifestyle or occupation-
al exposures to chemical carcinogens.
Measures of age-dependent cancer inci-
dence have shown, however, that the rate
of tumor development is proportional to
the sixth power of time, suggesting that
at least four to six independent steps are
necessary.®® Partial scheduling of specif-
ic genetic events in this process has been
possible for some cancers. Examples of
sequential genetic and epigenetic chang-
es that occur with the highest probabili-
ty are those found in the development of
lung cancer®*? and colon cancer.?%

% Tumor Initiation

The early concept of tumor initiation in-
dicated that the initial changes in chemi-
cal carcinogenesis are irreversible genetic
damage. However, recent data from mo-
lecular studies of preneoplastic human
lung and colon tissues implicate epige-
netic changes as an early event in carci-
nogenesis. DNA methylation of promoter
regions of genes can transcriptionally si-
lence tumor suppressor genes. For mu-
tations to accumulate, they must arise in
cells that proliferate and survive the life-
time of the organism. A chemical carcin-
ogen causes a genetic error by modifying
the molecular structure of DNA that can
lead to a mutation during DNA synthe-
sis. Most often, this is brought about by
forming an adduct between the chem-
ical carcinogen or one of its functional
groups and a nucleotide in DNA’ (the
process by which this occurs for the ma-

jor classes of chemucal carcinogens is
discussed 1n detail under “Carcinogen
Metabolism”). In general, a positive cor-
relation is found between the amount of
carcinogen-DNA adducts that can be de-
tected in animal models and the number
of tumors that develop.®® Thus, tumors
rarely develop in tissues that do not form
carcinogen-DNA  adducts. Carcinogen-
DNA adduct formation is central to the-
ortes of chemical carcinogenesis, and it
may be a necessary, but not a sufficient,
prerequusite for tumor initiation (the con-
cept of so-called nongenotoxic carcino-
gens is also explored under “Carcinogen
Metabolism”). DNA adduct formation
that causes either the activation of a pro-
to-oncogene or the inactivation of a tu-
mor suppressor gene can be categorized
as a tumor-initiating event (see “Tumor
Progression,” “Oncogenes and Tumor
Suppressor Genes” in this chapter).

% Tumor Promotion

Tumor promotion comprises the selec-
tive clonal expansion of initiated cells.
Because the accumulation rate of muta-
tions is proportional to the rate of cell di-
vision, or at least the rate at which stem
cells are replaced, clonal expansion of
initiated cells, produces a larger popu-
lation of cells that are at risk of further
genetic changes and malignant conver-
sion.?*#% Tumor promoters are gener-
ally 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 initi-
ator, or to increase the number of tumors
formed in that tissue. In addition, they
induce tumor formation in conjunction
with a dose of an initiator that is too low
to be carcinogenic alone. Croton oil (iso-
lated from Croton tiglium seeds) is used
widely as a tumor promoter in murine
skin carcinogenesis, and the mechanism
of action for its most potent constituent,
12-O-tetradecanoylphorbol-13-acetate,
which occurs via protein kinase C acti
vation, is arguably the best understood
among tumor promoters.* Chemicals or
agents capable of both tumor initiation
and promotion are known as complete
carcinogens, eg, benzolalpyrene and
4-aminobiphenyl. Identification of new
tumor promoters in animal models has
accelerated with the sophisticated devel-
opment of model systems designed to as-
say for tumor promotion. Furthermore,
ligand-binding properties can be deter
mined in recombinant protein kinase ¢
isozymes that are expressed in cell cul
tures.® Chemicals, complex mixtures
of chemicals, or other agents that have
been shown to have tumor-promoting
properties include dioxin, benzoyl per
oxide, macrocyclic lactones, bromon*
ethylbenzanthracene, anthralin, phenolz
saccharin, tryptophan, dichlorodiphe’
nyltrichloroethane (DDT), phenobarbita}/
cigarette-smoke condensate, polychlor®
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mhenyls (PCBs), teleocidins, cy-
Jamates, estrogens and other hormones,
;-Te acids, ultraviolet light, wounding,
{)rasion, and other chronic irritation (ie,
aahr\e lavage)® In addition, protein ki-
Sase C 1s activated and cellular diacyl-
nl -cerol elevated in laboratory animals

maintained on high-fat diets.®%

i Malignant Conversion
Malignant conversion is thg transforma-
tion of a preneoplastic cell into one that
expresses the malignant phenotype. This
rocess requires further genetic changes.
The total dose of a tumor promoter is less
significant than frequently repeated ad-
ministrations, and if the tumor promoter
is discontinued before malignant conver-
sion has occurred, premalignant or benign
lesions may regress Tumor promotion
contributes to the process of carcinogen-
esis by the expansion of a population of
initiated cells, with a growth advantage,
that will then be at risk for malignant con-
version Conversion of a fraction of these
cells to malignancy 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.® The
relatively low probability of malignant
conversion can be increased substantially
by the exposure of preneoplastic cells to
DNA damaging agents,””® and this pro-
cess may be mediated through the activa-
tion of proto-oncogenes and inactivation
of tumor suppressor genes.

% Tumor Progression

Tumor progression comprises the expres-
sion of the malignant phenotype 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 invasion beyond the immedi-
ate primary tumor location. A prominent
characteristic of the malignant pheno-
type is the propensity for genomic insta-
bility and uncontrolled growth.® During
this process, further genetic and epige-

netic changes can occur, again including -

the activation of proto-oncogenes and
the functional loss of tumor suppressor
genes Frequently, proto-oncogenes are
activated by two major mechanisms: in
the case of the ras gene famuly, point mu-
tations are found 1n highly specific re-
gions of the gene (ie, the 12th, 13th, 59th,
Or 61st codons), and members of the nyc,
"af, HER2, and jun multigene families can

€ Overexpressed, sometimes involving
amplification of chromosomal segments
COn’taming these genes. Some genes are
Overexpressed if they are translocated
and become juxtaposed to a powerful
Promoter, eg, the relationship of bel-2

and immunoglobulin heavy chain gene
promoter regions in B-cell malignancies.
Loss of function of tumor suppressor
genes usually occurs in a bimodal fash-
ion, and most frequently involves point
mutations in one allele and loss of the sec-
ond allele by a deletion, recombinational
event, or chromosomal nondisjunction.
These phenomena confer to the cells a
growth advantage as well as the capacity
for regional invasion, and ultimately, dis-
tant 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.2%8 Recent evidence from microar-
ray expression analysis of human cancers
supports an alternative, and not mutual-
ly exclusive, mode of tumor progression.
Gene expression profiles of a primary
cancer and its metastases are similar, in-
dicating that the molecular progression
of a primary cancer is generally retaimned
in 1ts metastases.*#2 These results have
chinical implications in molecular diag-
nosis of primary cancers and therapeutic
strategies.

Gene-Environment interactions
and interindividual Variation

A cornerstone of human chemical car-
cmogenesis 15 the concept of gene-
environment interactions (Fig. 15-2)5
Potential interindividual susceptibili-
ty to chemical carcinogenesis may well
be defined by genetic variations in the
host elements of this compound system.
Functional polymorphisms i human
proteins that have, or may have, a role

Environment
Macro Micro
+ chemicals + oxyradicals —
° VIFUSes » nitric oxide
+ rachation - hormones

« physical agents + growth factors

in chemical carcinogenesis include en-
zymes that metabolize (1e, activate and
detoxify) xenobiotic substances, enzymes
that repair DNA damage, cell surface re-
ceptors that activate the phosphorylation
cascade and cell-cycle control genes (ie,
oncogenes and tumor suppressor genes
that are elements of the signal transduc-
tion cascade)

When chemucals or xenobiotics en-
counter biologic systems, they become
altered by metabolic processes. This is an
initial facet of gene-environment interac-
tion. The interindividual variation in car-
cinogen metabolism and macromolecular
adduct formation arising from such pro-
cesses was recognized >25 years ago.®4
The cytochrome P450 (CYP) multigene
family is largely responsible for the
metabolic activation and detoxication of
many different chemical carcinogens in
the human environment Cytochrome
P450s are Phase I enzymes that act by
adding an atom of oxygen onto the sub-
strate, they are induced by polycyclic
aromatic hydrocarbons and chlorinated
hydrocarbons # Phase II enzymes act on
oxidized substrates and also contribute
to xenobiotic metabolism. Some Phase II
enzymes are methyltransferases, acetyl-
transferases, glutathione transferases,
uridine 5-diphosphoglucuronosyl trans-
ferases, sulfotransferases, nicotinamide
adenine dinucleotide (NAD)- and nicoti-
namide adenine dinucleotide phosphate
(NADP)-dependent alcohol dehydroge-
nases, aldehyde and steroid dehydro-
genases, quinone reductases, NADPH
diaphorase, azo reductases, aldoketore-
ductases, transaminases, esterases, and
hydrolases. The pathways of activation
and detoxification are often competi-
tive, providing yet further potential for
individual differences in propensity for

Caretaker Genes ]
* DNA repair %

+ Carcinogen
metabolism

Gene

Gatekeeper Genes Sl

+ Celi-cycle
control
« Apoptosis l

Interindividual Vanation

Figure 15-2 “ The concept of gene—environment interaction 1s multifaceted: (1) environ-
mental chemicals are altered by the products of metabolic genes; (2) environmental chemicals
disrupt the expression (induce or mhibit) of carcinogen metabolizing genes; and (3) environ-
mental exposures cause changes (mutations) in cancer-related genes. The cancer-related genes
have been classified as gatekeeper (eg, APC ) and caretaker genes (eg, MSH1 and MLH1 ) The
nteraction of these genes with external and internal environmental agents can lead to the
derangement of regulatory pathways that maintain genetic stability and cellular proliferation.
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carcinogen metabolism to DNA dam-
aging species. This scenario is further
complicated by a second facet of gene-
environment interaction that leads to
enzyme induction or inhibition. In this
case, environmental exposures alter gene
expression, and genes responsible for
carcinogen metabolism can be upregu-
lated or repressed by certain chemical
exposures.

A third facet of gene-environment
interaction occurs when the chemical
alters gene structure. Once a procar-
cinogen is metabolically activated to an
ultimate carcinogenic form, it can bind
covalently to cellular macromolecules,
including DNA. This DNA damage can
be repaired by several mechanisms.**
Differences in rates and fidelity of DNA
repair potentially influence the extent of
carcinogen adduct formation (1e, biologi-
cally effective dose) and, consequently,
the total amount of genetic damage.
The consequences of polymorphisms in
genes controlling the cell cycle (serine/
threonine kinases, transcription factors,
cyclins, cyclin-dependent kinase inhibi-
tors, and cell surface receptors) are much
less clear. However, molecular epide-
miologic evidence suggests that certain
commeon variants of these types of genes
have a role in susceptibility to chemi-
cal carcinogenesis.®*! The evaluation of
polymorphisms as potential biomarkers
of susceptibility in the human popula-
tion is discussed under “Implications for
Molecular Epidemiology, Risk Assess-
ment, and Cancer Prevention.”

Carcinogen Metabolism

Polycyclicaromatichydrocarbons (PAHs),
eg, benzo[alpyrene (BP), were the first
carcinogens to be chemically isolated.
They are composed of variable numbers
of fused benzene rings that form from
incomplete combustion of fossil fuels
and vegetable matter; they are common
environmental contaminants. PAHs are
chemically inert, and require metabo-
lism to exert their biologic effects.® This
multistep process involves the following:
iniial epoxidation (cytochrome P450),
hydration of the epoxide (epoxide hydro-
lase), and subsequent epoxidation across
the olefinic bond (Fig. 15-3).# The result
is the ultimate carcinogenic metabolite,
in the case of BP it is r78-dihydroxy-
910 epoxy-7,8,9,10-tetrahydroxybenzolg]
pyrene (benzola]pyrene-7,8-diol 9,10-
epoxide, BPDE).>* The biology of cyto-
chrome P450 (eg, CYP1A1) metabolism
has been elucidated providing a mo-
lecular basis for inducibility and inter-
individual variation and variations in
cytochrome levels among humans have
been documented.®® The arene ring of

Figure 15-3 ¢ Metabolic activation of benzol[alpyrene (1) Cytochrome P450 (CYP1A1)
catalyses 1nitial epoxidation across the 1-2, 2-3, 4-5, 7-8 (shown), 9-10 and 11-12 positions

(2) With the exception of the 1-2 and 2-3 oxides that convert to phenols, epoxide hydrolase
may catalyze the formation of dihydrodiols. (3) Benzo[a]pyrene-7, 8-dihydrodiol is further
metabolized at the olefinic double bond by cytochrome P450 (CYP1B1 and CYP3A4) to form
avicinal diol-epoxide (17, t8-dihydroxy-c9, 10 epoxy-7,8,9,10-tetrahydroxybenzlalpyrene) @)
The hughly unstable arene ring opens spontaneously to form a carbocation. (5) This elec-
trophic species forms a covalent bond between the 10 position of the hydrocarbon and the

exocychic amino group of deoxyguanosine

BPDE opens spontaneously at the 10th
position, revealing a carbonium ion that
can form a covalent addition product
(adduct) with cellular macromolecules,
including DNA. Several DNA adducts
can be formed, the most abundant be-
ing at the exocyclic amino group of
deoxyguanosine ([7R]-N2-{10-{78,8a 9a-
trihydroxy-7,8,9,10-tetrahydro-benz{a]
pyrenelyl}-deoxyguanosine; BPdG). One
electron oxidation has been suggested
as an alternative pathway of PAH acti-
vation, here a radical cation forms at the
meso position (L-region). The resulting
DNA adducts at the C8 of guanine (BP-
6-C8Gua and BP-6-C8dGua), the N7 of
guanine and adenine (BP-6-N7Gua and
BP-6-N7Ade) likely undergo spontane-
ous depurination (Fig. 15-4). Firm evi-
dence for the exfoliation of these adducts
in urine has been provided.%%

Aromatic amines are found in ciga-
rette smoke, diesel exhaust, industrial
environments and certain cooked foods.
The compound, 4-aminobiphenyl, is

o
N
N
s
HN N

z d Ribose

B
)o
N
HN \,{C\>_N &
HzN}\\kN N

d Ribose

thought to be responsible for bladde
cancer among tobacco smokers and rub.
ber industry workers.® In addition, ni.
trated polycyclic aromatic hydrocarbons
are environmental contaminants that are
related to aromatic amines by nitroredue-
tion. Aromatic amines can be converted
to an aromatic amide that is catalyzed
by an acetyl coenzyme 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 risk
of bladder cancer.®’ This latter association
may result from the fact that activation
of aromatic amines by N-oxidation is a
competing pathway for aromatic amine
metabolism. The N-hydroxylation prod-
ucts when protonated (eg, in the urinary
bladder) are reactive and can cause DNA
damage.

An mitial activation step for
both aromatic amines and amudes is
N-oxidation by CYP1A2. The reactions

HoN

,JO i
HN
e
HN 0
d Ribose

Lok £ et ¥ Hagore Yo v

Figure 15-4 /. Examples of carcinogen~DNA adducts (A) N7(benzolalpyren-6-yl)guanine;
(B) N-{deoxyguanosin-8-yl)-{acetyllaminobiphenyl (when R= H the adduct is not acetylated
[R can also be an acetyl group}); (C) 8,9-dihydro-8-(N5-formyl- 2, 5, 6-triamino-4-oxo-N5-
pyrimidyl)-9-hydroxy-aflatoxin B1; (D) 06-[4-Oxo-4(3-pyridyl)butyl]lguanine, amutagenic
lesion formed by the metabolism of the tobacco-specific nitrosamine, NNK 73,74 ; (E) N7-
methyldeoxygua-nosine; and (F) 3-methyladenosine. Adducts E and F can also result as the
small alkyl products of NNK metabolism.”>”
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ﬁ 2 Chronic Inflammation and
Efection can Increase Cancer Risk
e eease Tumor Site  Risk

Liver 219
Colon 3
Colon 6
Liver 88
Liver 30
Gastric - 11
Ovary | 3
Urinary bladder  2-14 -
Colon 26
Liver .. 14
Esophagus " 50-100
Lung pleural >10
Multiple sites  1.3-6.5

«18% of human cancers, 1¢, 1 6 million per year, are related te
\nfection " B Stewart and P Kleihues, World Cancer, Report,
1ARC Press, Lyen 2003, p. 57.

Rheumatoid arthritis 1s an exampie of a chronic inflammatory
disease without a marked mcreased cancer nisk, eg, joint
sarcoma.

Oncogenic human papitloma viruses are examples of cancer-
pronie chrenic infections without inflammation

of N-hydroxyarylamines with DNA
appear to be acid catalyzed, but they can
be further activated by either an acetyl
coenzyme A-dependent O-acetylase or a
3-phosphoadenosine-5phosphosulfate-
dependentO-sulfotransferase. TheN-aryl-
hydroxamic acids arise from the acety-
lation of N-hydroxyarylamines or N-
hydroxylation of aromatic amides; they
are not electrophulic and require further
activation. The predominant pathway
here occurs through acetyltransferase-
catalyzed rearrangement to a reactive
N-acetoxyarylamine.  Sulfotransferase
catalysis forms N-sulphonyloxy arylam-
ides. This complex pathway results in
two major adduct types, amides (acety-
lated) and amines (nonacetylated).

Heterocyclic amines form in food
cooking from pyrolysis (>150°C) of amino
acids, creatinine, and glucose. They have
beenrecognized as food mutagens,shown
to form DNA adducts and cause liver
tumors n primates.s These compounds
are activated by CYP1A2, and their me-
tabolites form DNA adducts in humans.
The N-hydroxy metabolites of heterocy-
che amines like 2-amino-3-methyl-imida-
20-[4,5-flquinoline (IQ) can react directly
with DNA. Enzymic O-esterification of
N-hydroxy metabolites plays a key role
I activating food mutagens, and be-
Cause the N-hydroxy metabolites are
800d substrates for transacetylases these
chemicals may be implicated in colorec-
tal cancer,

Aflatoxins (B1, B2, G1, and G2), me-
tabolites of Aspergillus flavus, contami-
nate cereals, grain, and nuts. A positive
correlation exists between dietary afla-
toxin exposure and the incidence of liver
cancer in developing countries, where
grain spoilage is high. Aflatoxms Bl
and Gl have an olefinic double bond at
the 8,9-position that can be oxidized by
several cytochrome P450.% 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 TP53 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 1n codon 249 are fre-
quent.® This phenomenon is consistent
with metabolic activation of aflatoxin Bl
and the formation of depurinating car-
cinogen-deoxyguanosine adducts.

Carcinogenic N-nitrosamines are
ubiquitous  environmental contami-
nants and can be found in food, alco-
holic beverages, cosmetics, cutting oils,
hydraulic fluid, rubber, and tobacco.*
Tobacco-specific N-nitrosamines (TSNs),
eg,4-(methylnitrosoamino)-1-(3-pyridyl)-
1-butanone (NNK), are not formed by
pyrolysis, which accounts for the highly
carcinogenic nature of snuff and chew-
ing tobacco.®® TSNs are not symmetric
so both small alkyl adducts and large
bulky adducts can be formed, eg, NNK
metabolism gives rise to either a posi-
tively charged pyridyl-oxobutyl ion or
a positively charged methyl ion, both
of which are able to alkylate DNA.%
Endogenous nitrosamines form when
an amine reacts with nitrate alone or ni-
trite in the presence of acid. Thus, nitrite
(used to cure meats) and l-cysteine, in the
presence of acetaldehyde (from alcohol),
form N-nitrosothiazolidine-4-carboxylic
acid. N-nitrosodimethylamine undergoes
a-hydroxylation, catalyzed primarily by
the alcohol inducible CYP2E], to form
an unstable a-hydroxynitrosamine. The
breakdown products are formaldehyde
and methyl diazohydroxide. Methyl di-
azohydroxide and related compounds
are powerful alkylating agents that can
add a small functional group at multiple
sites in DNA.

Nongenotoxic  carcinogens may
function at the level of the microenviron-
ment by dysregulation of hormones and
growth factors, or indirectly inducing
DNA damage and mutations through
the action of free radicals * These chemi-
cals are none or poorly reactive and are
resistant to activation through metabo-
lism. They are also characterized by their
persistence in biological systems and
consequently tend to accumulate in the
food chain. However, they can stimulate
oxyradical formation by at least three
mechanisms: organochlorine species

interact with the Ah receptor which can
lead to cytochrome P450 induction and
associated oxyradical formation; inter-
action with other receptors, like IFN-v,
can stimulate elements of the primary
immune response and again generate
oxyradicals; and agents like asbestos can
promote oxyradical formation through
interaction with ferrous metal. The re-
sulting oxyradicals can then damage
DNA. Some of the so-called “nongeno-
toxic” carcinogens might more appro-
priately be considered to be “oxyradical
triggers.” Indeed, chronic inflammatory
states, which involve oxyradical forma-
tion, can also be cancer risk factors.s

Chronic Inflammation
and Cancer

More than a century ago, the German
pathologist, Virchow proposed that in-
flammation was associated with cancer.¥
Infection and inflammation significantly
contribute to about 25% of cancer cases
worldwide (Table 15-3).% Free radicals, en-
dogenous chemicals, are released during
the inflammatory response. These reactive
oxygen species (ROS) and reactive nitro-
gen species (RNS) are generated as a phys-
iclogical protective response to pathogenic
microorganisms and toxic agents. During
chronic inflammation, eg, chronic viral
hepatitis, and oxyradical overload condi-
tions, eg, hemochromatosis, these free
radicals can induce genetic and epigenetic
changes including somatic mutations in
cancer-related genes and posttranslational
modifications in proteins involved in DNA
repair, apoptosis, and arachidonic acid
cascade (Fig. 15-5).% Epigenetic transcrip-
tional silencing of cancer-related genes in-
cluding pl6, RUNX3, and MLHI, by DNA
methylation of their promoter regions
has been associated with chronic inflam-
mation in ulcerative colitis and Barretts
esophagus.®”® MicroRNA expression is
also regulated by inflammatory cytokines
and free radicals.”” These non-protein
coding small RNAs of about 22 base pairs
regulate mRNA stability and translation
into proteins/'”® MicroRNA genes are
regulated by transcription factors includ-
ing the p53 tumor suppressor protein’
and are involved in carcinogenesis includ-
ing tumor invasion and metastasis.”””® Not
surprisingly, microRNAs are also clinical
biomarkers associated with diagnosis,
prognosis, and therapeutic outcome of
cancer.”+78

DNA Damage and Repair

The DNA damage initials a complex
network of signaling cascades®® The
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Table 15-3 Examples of Disease Susceptibility and Disease Syndromes Associated with Mutations in DNA-Repair Genes
Gene Function Pathology of Cancer K

s

~up
el

Cancer susceptibility
MMR?

s

=
EEN

MLH1 Damage recognition HNPCC2®, glioma e
MLH2 DNA binding HNPCC1, ovarian cancer 9
MSH3 - Endometrial cancer &
MSH6 Sliding clamp Endometrial cancer, HNPCC1 2
PMS1 Damage recognition HNPCC3 %
PMS2 Reparr initiation HNPCC4, ghoblastoma %
NER §
BRCA-1 Directs p53 transcription toward DNA-repair Breast cancer, ovarian cancer i
pathways s
RB1 Celi-cycle restriction Retinoblastoma, breast cancer, and progression osteosarcoma o
DSB
BRCA-2 Regulation of RADS1 Breast cancer, pancreatic cancer “:
HR 4
RAD54 Helicase Colon cancer, breast cancer, NHL -
Other

TP53 (DSB, NER, HR)

Celi-cycle control; exonuclease; apoptosis;
DNA binding

Colon cancer, common somatic defect in human cancer in general;
inherited in Li-Fraumeni syndrome and some breast cancers

TR TN NN

hOgg1 (Various) Glycosylase Cancer susceptibility
Xeroderma pigmentosum (XP) .
NER ;
XPD DNA helicase Skin and neurologic, but later onset than XPA
XPB DNA helicase Skin lesions !
XPG Endonuciease Acute sun sensitivity, mild symptoms; late skin cancer i

XPC (and BER)

Exonuclease

Mental retardation; skin sensitivity; micrecephaly

DDB1 and DDB2 Binds specific DNA damage XPE—Mild skin sensitivity
XPA Damage sensor XPA—Skin and neurologic problems: the most severe XP
XPC Damage sensor XPC-Skin, tongue, and lip cancer
XPE Damage sensor XPE—Neurologically normal
PRR
POLH Polymerase XPV—Mild to severe skin sensitivity, neurologically normal
Other syndromes
NER .
Cockaynes .
CcSB ATPase Cutaneous, ocular, neurologic, and somatic abnormalities; short stature,

Juberg-Marsidi

progressive deafness, mental retardation, neurolegic degeneration,
early death; sometimes presents together with XPB

ATRX Putative helicase Thalassemia/mental retardation
SB
Nijmegen
NBS1 Nibrin, cell-cycle regulation Microencephaly; mental retardation; immunodeficiency; growth retarda-

Ataxia-telangiectasia
ATM

MRE11(Ataxia-like)

Phesphorylation

Exonuclease

tion, radiation sensitivity; predisposition to malignancy

Neurologic deficiencies, manifest by inability fo coordinate muscle
actions; skin and corneal telangiectases. Leukemia, lymphoma, and
other malignancies (breast cancer?)

DNA damage sensitivity; genomic instability; telomere shortening;
aberrant meiosis; severe combined immunodeficiency

PRKDC Ser/Thr kinase SCiD i

Bloom's 5
BIM DNA helicase High rate of spontaneous lymphatic and other malignancy; high-rate SCE° - |

Fanconi anemia ;

FANCA-G Protein control Multipie congenital malformations; chromosome breaks; pancytopenia -
Telomere shortening Lo

Werner

WRN DNA helicase/exonuciease Premature senility, short stature, exonuclease rapidly progressing cata- ”

racts, loss of connective tissue and muscle, premature arteriosclerosis, *

ingrease risk of malignancy x

RecQ4 DNA helicase Osteosarcoma; premature aging -

*Repair mechanisms BER, base excision, DSB, double-strand break, HR, homalogous recombmation, MMR, nusmatch, NER, nuclectide excision, PRR, postreplication, SB, strand break
®Diseases: HNPCC, hereditary nonpolyposis colon cancer, NHL, non-Hodgkin lymphoma.
¢ Other ahbreviations SCE, sister chromatid exchange; SCID, severe combined immunodeficiency

chemical structure of DNA can be al-
tered by a carcinogen in several ways:
the formation of large bulky aromatic
adducts, small alkyl adducts, oxidation,
dimerization, and deamination. In ad-

dition, double- and single-strand breaks
can occur. Chemuical carcinogens can
cause epigenetic changes, such as alter-
ing the DNA methylation status that
leads to the silencing of specific gene ex-

pression.® A complex pattern of carct”
ogen-DNA adducts likely results from2
varlety of environmental exposures, be-
cause of the mixture of different chem”
cal carcinogens present
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Figure 15-5
ated during chronic inflammation The reactive species can induce DNA damage, including
pomt mutations in cancer-related genes, and modifications in essential cellular proteins that
are involved in DNA repair, apoptosis, and cell cycle, either directly or indirectly through the
activation of lipid peroxidation and generation of reactive aldehydes, eg, malondialdehyde
(MDA) and 4-hydroxynonenal (4-HNE).*¢!

BPDE reacts with the exocyclic (N2)
amino group of deoxyguanosine and
resides within the minor groove of the
double helix; it is typical of polycyclic ar-
omatic hydrocarbons. This adduct, BPdG,
is probably the most common, persistent
adduct of benzo[a]pyrene in mammalian
systems, but others are possible. Adducts
like BPdG are thought to induce ras
gene mutations, which are common in
tobacco-related lung cancers.” Aromatic
amine adducts are more complex, be-
cause they have both acetylated and
nonacetylated metabolic intermediates,
and they form covalent bonds at the C8,
N2, and sometimes O6 positions of deox-
yguanosine as well as deoxyadenosine.
The major adducts, however, are C8-
deoxyguanosine adducts, which reside
predominantly in the major groove of the
DNA double helix (see Fig. 15-4).

Aflatoxin Bl and Gl activation
through hydroxylation of the olefinic
89-position results in adduct formation
at the N7-position of deoxyguanosine.
These are relatively unstable with a half-
life of ~50 h at neutral pH; depurination
Products have been detected in urine.®
The aflatoxin B1-N7-deoxyguanosine ad-
duct also can undergo ring opening to
yield two pyrimidine adducts; alternate-
ly, aflatoxin B1-89-dihydrodiol could
fesult, restoring the DNA molecular
Structure if hydrolysis of the original ad-

uct occurs.®

. DNA alkylation can occur at many
Sites either following the metabolic acti-
Vation of certain N-nitrosamines, or di-
fectly by the action of the N-alkylureas

-~ Peroxidation
S
MDA Arachidonic Acid -
{(malondial dehyde} . Cascade -+ -~
4HNE T
(4-hudroxynonenal)  Eicosanoids -
Ty o
Cell 7

Proliferation

Several reactive oxygen (ROS) and reactive nitrogen species (RNS) are gener-

(N-methyl-N-nitrosourea) or the N-nitro-
soguanidines. The protonated alkyl-
functional groups that become available
to form lesions in DNA generally attack
the following nucleophilic centers: ad-
enine (N1, N3, and N7), cytosine (N3),
guanine (N2, 06, and N7), and thy-
mine (O2, N3, and O4). Some of these
lesions are known to be repaired (O6-
methyldeoxyguanosine), while others are
not (N7-methyldeoxyguanosine), which
explains why O6-methyldeoxyguanosine
1s a promutagenic lesion and N7-
methyldeoxyguanosine is not.$#%

Another potentially mutagenic cause
of DNA damage is the deamination
of DNA-methylated cytosine residues.
5-Methylcytosine comprises ~3% of de-
oxynucleotides. In this case, deamination
at a CpG dinucleotide gives rise to a TpG
mismatch. Repair of this lesion most of-
ten restores the CpG; however, repair may
cause a mutation (TpA).”! Deamination of
cytosine also can generate a C to T tran-
sition if uracil glycosylation and G-T mis-
match repair are inefficient.

Oxyradical damage can form thy-
mine glycolor 8-hydroxydeoxyguanosine
adducts. Exposure to organic peroxides
(catechol, hydroquinone, and 4-nitroqui-
noline-N-oxide) leads to oxyradical dam-
age; however, oxyradicals and hydrogen
peroxide can be generated in lipid per-
oxidation and the catalytic cycling of
some enzymes, as well as environmental
sources (eg, tobacco smoke).®*? Certain
drugs and plasticizers can stimulate cells
to produce peroxisomes, and oxyradical
formation is mediated through protein

kinase C when inflammatory cells are
exposed to tumor promoters like phor-
bol esters »%* Oxyradicals can contribute
to deamination through induction of NO
synthetase.

Maintenance of genome integrity re-
quires mitigation of DNA damage. Thus,
diminished DNA-repair capacity is associ-
ated with carcinogenesis, birth defects, pre-
mature aging, and foreshortened life span.
DNA-repair enzymes act at DNA damage
sites caused by chemical carcinogens, and
six major mechanisms are known: direct
DNA repair, nucleotide excision repair,
base excision repair, nonhomologous end
joining (double-strand break repair), mis-
match repair, and homologous recombina-
tion (postreplication repair).3

In the presence of nonlethal DNA
damage, cell-cycle progression 1s post-
poned for repair mechanisms. This high-
ly coordinated process involves multiple
genes. A DNA-damage recognition sen-
sor triggers a signal transduction cascade
and downstream factors direct Gl and
G2 arrest in concert with the proteins
operationally responsible for the repair
process. Although there are at least six
discrete repair mechanisms, within five
of them there are numerous multiprotein
complexes comprising all the machinery
necessary to accomplish the step-by-step
repait function.

Generically, DNA repair requires
damage recognition, damage removal or
excision, resynthesis 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 path-
ways. A list of these genes and their spe-
cific functions was published elsewhere *
These genes are responsible for the fidel-
ity of DNA repair, and when they are de-
fective the mutation rate increases. This is
the mutator phenotype®” Mutations in at
least 30 DNA-repair associated genes have
been linked to increased cancer suscepti-
bility or premature aging (Table 15-4)%
Moreover, the role of common polymor-
phisms in some of these genes are asso-
ciated with increased susceptibility in a
gene-environment interaction scenario
(this is discussed under “Implications
for Molecular Epidemiology, Risk
Assessment, and Cancer Prevention”).
Indeed, molecular epidemiologicevidence
suggests that tobacco-smoking-related
lung cancer is associated with a polymor-
phism in the nucleotide excisjon repair
gene, XPC (ERCC2).#

Direct DNA repair is effected by
DNA alkyltransferases. These enzymes
catalyze translocation of the alkyl moi-
ety from an alkylated base (eg, O6-
methyldeoxyguanosine) to a cysteine
residue at their active site in the absence
of DNA strand scission. Thus, one mol-
ecule of the enzyme is capable of repair-
ing one DNA alkyl lesion, 1n a suicide
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Table 15-4 :* Wutational Spectra of TP53 in Human Cancers®

Carcinogen Exposure Neoplasm Mutation
AflatoxinBL . Hepatocellular carcinoma  Codon 249 (AGG 6 AGT)
Sunfight -~ 'Skin carcinoma Dipyrimidine mutations {CC 6 TT) on nontranscribed
e e e T e DNA strand
Tobacgo smoke ~ ©° "~ Lung carcinoma G:C 6 T:A mutations on nontranscribed DNA strand
e FeR e e T (frequently codons: 157, 248, and 273)
Tobacco and alcohol 1 - "Carcinoma of the head Increased frequency p53 mutations (especially
L oLala L - oandpeck—f - codons 157 and 248)
Radon ;. ; = -~% .- Lungcarcinoma - Codon 249 (AGG 6 ATG)
- Vinyl chioride =~ 7 Hepatic anglosarcoma AT 6 T:A transversions

2For reviews see Refs, 116, 124, 127, 166

mechanism. The inactivation of this
mechanism by promoter hypermethyla-
tion is associated with Kras G to A muta-
tions in colon cancer.®

In DNA nucleotide excision repair,
leston recognition, preincision, incision,
gap-filing, and ligation are required,
and the so-called excinuclease complex
comprises 16 or more different proteins.
Large distortions caused by bulky DNA
adducts (eg, BPDE-dG and 4ABP-dC) are
recognized (XPA) and removed by endo-
nucleases (XPF, XPG, FEN). A patch is
then constructed (pol, pol e) and the free
ends are ligated.

Base excision repair also removes
a DNA segment containing an adduct;
however, small adducts (eg, 3-meth-
yladenine) are generally the target so
that there is overlap with direct repair.
The adduct is removed by a glycosylase
(hOggl, UDG), an apurinic endonuclease
(APE1 or HAP1) degrades a few bases on
the damaged strand, and a patch is syn-
thesized (pol B) and ligated (DNA ligas-
es: I, 11, Illa, 113, and IV).

DNA mismatches occasionally oc-
cur, because excision repair processes
incorporate unmodified or convention-
al, but noncomplementary, Watson-Crick
bases opposite each other in the DNA he-
lix. Transition mispairs (G-T or A-C) are
repaired by the mismatch repair process
more efficiently than transversion mis-
pairs (G-G, A-A, G-A, C-C, C-T, and T-T).
The mechanism for correcting mispair-
ings is similar to that for nucleotide ex-
cision repair and resynthesis described
earlier, but it generally involves the exci-
sion of large pieces of the DNA contain-
ing mispairings. Because the mismatch
recognition protein is required to bind
simultaneously to the mismatch and an
unmethylated adenine in a GATC rec-
ognition sequence, it removes the whole
intervening DNA sequence. The parental
template strand is then used by the poly-
merase to fill the gap

Double-strand DNA breaks can oc-
cur 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

recombination, 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 IV. Genes known to code
for DNA-repair enzymes that participate
in this process include XRCC4, XRCCS5,
XRCC6, XRCC7 HRAD51B, HRADS52,
RPA, and ATM.%®

Postreplication repair is a damage-
tolerance mechanism and it occurs in
response to DNA replication on a dam-
aged 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
m the newly synthesized strand. The
gap is filled in one of two ways: either
by recombination of the homologous
parent strand with the daughter strand
in a process that is mediated by a heli-
cal nucleoprotein (RAD5L); or when a
single nucleotide gap remains, mamma-
lian DNA polymerases insert an adenine
residue. Consequently, this mechanism
may lead to recombinational events as
well as base-mispairing.

Persistent non-repaired DNA dam-
age blocks the replication machinery.
Cells have evolved translesion synthesis
(TLS) DNA polymerases to bypass these
blocks.® Most of these TLS polymeras-
es belong to the recently discovered
Y-family, have much lower stringency
than replicative polymerases, and thus
are error prone. An increased mutation
frequency is an evolutionary trade-off
for cellular survival.

Muitator Phenotype

Cancer cells contain substantial numbers
of genetic abnormalities when compared
with normal cells. These abnormali-
ties range from gross changes such as
nondiploid number of chromosomes, ie,
aneuploidy, and translocations or rear-
rangements of chromosomes, to much
smaller changes in the DNA sequence
including deletions, insertions, and sin-
gle nucleotide substitutions. Therefore,

o o,

carcinogenests involves errors in (1) chyg.
mosomal segregation; (2) repair of DNy
damage induced by either endogengy,
free radicals or environmental carcipg,
gens; and (3) DNA replication Lok
originally formulated the concept of ty,
mutator phenotype in 1974 to account for
the high numbers of mutations in cangey
cells when compared to the rarity of muts.
tions in normal cells. Recent advances i,
the molecular analysis of carcinogeneg
in human cells and animal models haye
refined the mutator phenotype™ concept
that 1s also linked to the clonal selection
theory proposed by Nowell (Fig. 15-6)1

% Oncogenes and Tumor Suppressor Genes

Chronic exposures to carcinogens, ac
cumulation of mutations, development
of the mutator phenotype, and clong]
selection during several decades result
in cancer Although the phenotypic traits
of individual cancers are highly variable
commonly acquired capabilities include
limitless replicative potential, self-suffi
ciency in growth signals, insensitivity to
antigrowth signals, evading apoptosis,
tissue invasion, sustained angiogenesss,
and metastasis®® These phenotypic
traits reflect a complex molecular circuit-
ry of biochemical pathways and protein
machines within cancer cells?

The genes encoding the proteins
within the cancer-associated molecular
circuitry are of many functional classes
and, historically, have been conceptually
divided into oncogenes and tumor sup-
pressor genes.*1% Detailed descriptions
of oncogenes and tumor suppressor genes
are found in Chapters 4 to 7. The ras on-
cogene and the TP53 tumor suppressor
gene will be used as examples of molecu-
lar targets of chemical carcinogens

Activated ras genes predominate
as the family of oncogenes to be isolat
ed from solid tumors that are induced
by chemicals in laboratory animals.
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 %
genes code for small G-proteins (guaniné
nucleotide binding) that exert a powerful
proliferative response through the signd
transduction cascade. The first direct evi
dence of proto-oncogene activation by ¢
chemical carcinogen was obtained fro®
in vitro studies!® A wild-type recom
binant clone of the human Ha-ras ger
(pEC) was modified with benzo[a]pyrert
diolepoxide. The treated plasmid was thef
used to transfect murie NIH-3T3 cells
with the result that the transformed cé
foct contained the same point mutatio®
(in either codon 12 or 61) known to ext®
in activated 7as genes isolated from ¥
man tumors including the bladder (PE
In animal models of chemical carcinoge®
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Figure 15-6 - Mutation accumulation during tumor progression (1) Random mutations
result when DNA damage exceeds the cell’s capacity for error-free DNA repair. (2) These ran-
dom mulations can result in clonal expansion and mutations in mutator genes (M).

(3) Repetttive rounds of selection for mutants yield coselection mutants in mutator genes.

{4) From this population of mutant cancer cells, there is selection for cells that escape the
host's regulatory mechanisms for the control of cell replication, invasion, and metastasis.

Source Modified from Ref 13

esis and surveys of different types of hu-
man tumors that arise from a variety of
environmental exposures, ras mutations
have been found.®1%17 For example, to-
bacco smoke can mutate K-ras during the
molecular pathogenesis of human lung
adenocarcinoma.’®® In rodents, polycyclic
aromatic hydrocarbons (3-methylcholan-
threne, 712-dimethylbenz[alanthracene,
and benzofa]pyrene) have been used re-
peatedly to produce both berugn tumors
and malignant carcinomas. A large pro-
portion of these premalignant and malig-
nant lesions have mutations in either the
12th or 61st codons. Similarly, treatment
of rats with either 712-dimethylbenz{a]
anthracene or N-methyl-N-nitrosourea
resulted in the development of mam-
mary carcinomas containing ras codon 12
or 61 mutations. These types of mutations
also have been observed in mouse skin
after initiation with 7,12-dimethylbenz[a]
anthracene and tumor promotion with
12-O-tetradecanoylphorbol-13-acetate.
Mutations in rashave been found in mouse
liver after treatment with vinyl carbamate,
hydroxydehydroestragole, or N-hydroxy-
Zacetylaminofluorene. 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 methylmethanesulfonate,
- &propiolactone, dimethylcarbamyl chlo-
tide, or N-methyl-N9-nitro-N-nitro-
Soguanidine.
These data indicate that chemical
frcinogens may produce site-specific

mutations based, in part, on nucleoside
selectivity of the ultimate carcinogen.
Persistence of a specific mutation, how-
ever, also depends on the amino acid
substitution in that the function of the
mutant protein 1s altered to confer on
the cell a selective clonal growth advan-
tage. The types of mutations that are
found in chemically activated ras genes
cause conformational changes that al-
ter protein binding (GTPase-activating
protein) in such a way that the ras-MAP
kinase pathway is permanently activat-
ed. Data support the hypothesis that ras
activation is associated with malignant
conversion as well as tumor initiation.
Transfection of activated ras genes into
benign papillomas that did not contain a
constitutively activated ras gene caused
malignant progression” These and
other results implicate ras mutations
in chemical carcinogenesis. Similarly,
malignant transformation occurred
when immortalized human bronchial
epithelial cells were transfected with an
activated ras gene.l®! Ki-rgs gene muta-
tions are also one of many changes that
can arise either early or late in the devel-
opment of colorectal carcinoma.™ These
findings indicate that the accumulation
of mutations, and not necessarily the
order in which they occur, contributes to
multistage carcinogenesis. Furthermore,
the stage of carcinogenesis in which
each mutation occurs 1s not necessarily
fixed. In the model for human colorec-
tal carcinoma, ras mutations most often
occur during malignant conversion, but

can be an early event (1e, tumor initia-
tion), but in the rodent skin models, ras
mutations appear to be primarily a tu-
mor-initiating event. These differences
may reflect the type of exposure, both in
terms of chemical class and chronic vs
acute exposure, or they may be a func-
tion of tissue type.

The TP53 tumor suppressor gene is
central in the response pathway to cellu-
lar stress? For example, DNA damage
caused by chemical carcinogens activates
the p53 tumor suppressor protein by
posttranslational modification to trans-
duce signals to “guard the genome”™ by
engaging cell-cycle checkpoints and en-
hancing DNA repair, and as a fail-safe
mechanism, to cause replicative senes-
cence or apoptotic death.™!> Mutations
in the TP53 gene or inactivation of its
encoded protein by viral oncoproteins
generally lead to a loss of these cellu-
lar defense functions. Not surprisingly,
TP53 mutations are common in human
cancer.161%0

Molecular analysis of TP53 can give
clues to the environmental etiology of
cancer (Table 15-4). It is implicit from
the preceding text (see “DNA Damage
and Repair”) that the covalent bind-
ing of activated carcinogens to DNA is
not random. Therefore, the formation
of a particular DNA lesion to some ex-
tent may be deduced from the resulting
mutation. A dramatic example of this
phenomenon is the previously men-
tioned TP53 codon 249 mutation, which
is detected in almost all aflatoxin-related
hepatocellular carcinomas712122 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 Bl mutations. As discussed eat-
lier, aflatoxin B1-8,9-oxide causes a pro-
mutagenic lesion by covalently binding
to the N7 position of deoxyguanosine.
Alternately, cells bearing the codon 249
lesion may have an important selective
growth advantage. Evidence that a com-
bination of these factors is responsible
has been presented as well’® Another
prominent example where circumstan-
tial evidence points to specific molecular
events is that of TP53 mutations indica-
tive of pyrimidine dimer formation in
ultraviolet light-related skin cancers.?
In the case of tobacco smoking and lung
cancer, G:C to T:A transversions indicate
the formation of adducts from activated
bulky carcinogens (eg, polycyclic aro-
matic hydrocarbons) 11642412

% Assessment of Causation by the Bradford-
Hill Criteria

Results obtained from molecular epide-

miologic studies can be used for the as-

sessment of causation. Using the “weight

of the evidence” principle, Bradford-Hill
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proposed criteria in the assessment of
cancer causation, including strength
of association (consistency, specificity,
and temporality) and biologic plausibil-
ity These criteria can be applied for
the analysis of data obtained in molecu-
lar epidemiologic studies!¥ Cigarette
smoking has been established as a ma-
jor risk factor for the incidence of lung
cancer (Table 15-5). Codons 157, 248, and
273 of TP53 are designated as mutational
hotspots in lung cancer. The majority of
mutations found at these codons are G
to T transversions. Purthermore, besides
lung cancer, codon 157 also constitutes
one of the hotspots for G to T trans-
versions in breast, and head and neck
cancers. In smoking-associated lung
cancer, the occurrence of G to T trans-
versions has been linked to the presence
of benzolalpyrene in cigarette smoke.
Interestingly, codon 157 (GTC to TTC)
mutations are not found in lung cancer
from never smokers.1'68 A dose-depen-
dent increase in TP53 G to T transversion
mutations with cigarette smoking has
been reported in lung cancer.”® Benzola]
pyrene diolepoxide, the metabolically ac-
tivated form of benzola]pyrene, has been
shown to bind to guanosine residues in
codons 157, 248, and 273, which are mu-
tational hotspots in lung cancer!® Also,
cigarette-smoke condensate or benzoja]
pyrene mneoplastically transforms in
vitro human bronchial epithelial cells.*
In general, molecular and epidemiologic
data provide only circumstantial evi-
dence for causation. Bradford-Hill crite-
ria provide a framework for the logical
consideration of converging lines of evi-
dence in cancer etiology.

Implications for Molecular
Epidemiology, Risk Assessment,
and Cancer Prevention

Molecular epidemiology (use of biochem-
ical and molecular biological methods to
buttress epidemiological studies) has re-
sulted from the confluence of several dis-
ciplines! It encompasses the detection
of carcinogen-macromolecular adducts
(DNA as a direct genotoxic measure and
protein as a surrogate), normal DNA se-
quence variants (heritable variations),
and mutations in target genes (somatic
changes). Therefore, these investigations
use epidemiologic methods to investi-
gate all aspects of gene-environment in-
teractions and risk assessment in human
populations (Fig. 15-7)

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 chemi-
cal species capable of causing DNA le-
sions.® Humans are most commonly

Table 15-5

Assessnient of Causation by the Bradford-Hill Criteria®

.

Hypothesis: The chemical carcinogen, benzo[«}pyrene, in tobacco smoke can cause TP53 hatspot
mutations at codons 157, 248, and 273 in human lung carcinogenesis

"2

Strength of Association

Biologic Plausibility

Consistency
Cigarette smoking or exposure to coal smoke
is associated with a dose-response

increase in TP53 mutations (G to T transver-
sions in human lung cancer)
Specificity

Codon 157 (GTC 6 TTC) mutations are uncom-
mon in other types of cancer, including
lung cancer from never smokers

Temporality

TP53 mutations can be found in bronchial
dysplasia

Tobacco smoke and benzo[alpyrene are mutagens
Benzo{ajpyrene is metabolically activated and forms ~
Benzo[a]pyrene diol-exposide binds to Gs in codons

Benzo[a]pyrene exposure to human celis in vitro pro-

Cigarette-smoke condensates or benzolajpyrene can -

benzofa]pyrene diolepoxide-DNA adducts in human
bronchus in vitro (75-fold interindividual variation) -

157, 248, and 273, which are TP53 mutational
hotspots

duces codon 248 {CGG =CTG) TP53 mutations

neoplastically transform human bronchial epithelial
cells in the laboratory )

aFor reviews see Refs 126 and 160

exposed to complex mixtures of chemi-
cals. Human carcinogen dosimetry at the
molecular level requires sensitive and
specific methods for carcinogen-macro-
molecular adduct quantitation. The low
levels of adducts that are present in hu-
man DNA samples challenge the detec-
tion limits of conventional assay systems,
and complex mixtures of adducted mate-
rials confound simple assay systems

The most commonly used methods
for carcinogen-DNA dosimetry in hu-
mans are *P-nucleotide postlabeling,
immunoassays, fluorescence spectrosco-
py, electrochemical conductance, hiquid
chromatography/electrospray  ioniza-
tion/tandem mass spectrometry (LC/
ESI/MS/ MS), and gas chromatography/
mass spectroscopy (GC/MS). Each of
these techniques currently has its own
advantages and limitations, and within
the framework of epidemiologic surveys,
multiple corroborative end-point analy-
ses seem to provide the most useful 1n-
formation. These methodologies, their
application, and their limitations are re-
viewed extensively elsewhere.>3

For exposure to tobacco smoke,
GC/MS has provided a tool to measure
aromatic amine protein adducts such
as 4-aminobiphenyl hemoglobin. These
studies have shown a dose-response re-
lationship between the extent of smok-
ing, type of tobacco used, and the adduct
levels.”® Similarly, tobacco-specific nitro-
samine globin adducts have been used to
monitor the dose 1n smokers and snuff
dippers A corroborative approach to the
measurement of benzolalpyrene-DNA
adducts has been used in the monitoring
of both tobacco and coal smoke expo-
sure. In this study, both GC/MS and flu-
orescence line-narrowing spectroscopy
were used to detect adducts exfoliated 1n
urine 513

In the case of aflatoxin Bl, levels
of adducts exfoliated in human urine
were measured by GC/MS 89-Dihydro-
8-(N5-formyl-2',5',6'-triamino-4'-oxo-
N5-pyrimidyl}-9-hydroxy-aflatoxin Bl
(aflatoxin-N7 guanine) adducts corre-
lated with environmental exposure and
disease outcome. Similarly, aflatoxin-al-
bumin adducts provided a corroborative
surrogate. Both of these markers were
also correlated with 6-hydroxycortisol
levels, indicating a role for CYP3A4 in
aflatoxin Bl activation Particularly, the
presence of aflatoxin-N7 guanine ad-
ducts in urine was associated with liver
cancer.’ Based on these findings, a
randomized clinical trial of the infercep-
tor molecule, chlorophyllin (Derifil), was
performed. The test drug or placebo
was taken three times daily and urinary
AFB1-N7-Gua was morutored by GC/
MS. After 12 weeks, adduct levels were
>100% higher among 90 persons taking
the placebo than those (n = 90) taking
chlorophyllin.'*

Interindividual variation in cancer
susceptibility, and, consequently, mean-
ingful human cancer risk assessmeni
involve determination of inherited host
factors as well as exposure assessment.
Metabolic polymorphisms have been de-
termined by the use of indicator drugs -
(eg, caffeine, debrisoquine, dextrometho -
rphan, dapsone, and isoniazid); howevet,
these assays are being replaced by direct
genetic assays.» ™ This approach has al-
lowed the investigation of diverse host:;
factors for which indicator drugs wete;
not available, and 1t has been applied to2
wide variety of cancers, including lung :
head, and neck #"# Thus, genetic indr
cators of propensity for carcinogen a¢ :

tivation and detoxification, DNA—repaif

capacity, and cell-cycle control are all?

features of molecular epidemiologl
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figurs 15-7 % Facets of molecular epidemiology that investigate gene—environment interac-
sons Once mternalized, chemical carcinogens are metabolized to reactive species that cause
DNA damage {carcinogen DNA adducts) The innate ability to repair DNA damage may re-
duce or ablate the overall damage burden. Alternately, genetic changes (mutations, clastogen-
esis) may occur Carcinogen metabolism and DNA repair are categorizable genetic traits (host
factors) DNA adducts (molecular dose) and mutational spectra are measures of exposure.
Information from assays designed to investigate host factors and measure exposure can be

used for human cancer risk assessment.

studies that are complementary to ad-
duct studies because of the implications
for a biologically effective dose after
exposure.?

Cytochrome P450 polymorphisms,
involved in carcinogen activation,
and glutathione-5 transferases, uri-
dine diphosphate (UDP) glucurono-
syltransferases, sulfotransferases, and
N-acyltransferases, involved in both
carcinogen activation and detoxifica-
tion, could explain variations in cancer
susceptibility among the human popu-
lation Ewvidence that absent protection
of a functionally intact GSTM1 gene cor-
relates with an increased risk of tobacco-
telated lung cancer.*#*® Similarly, UDP
glucuronosyliransferases (eg, UGTI1AI,
UGT1A9, UGT2B7) have been implicated
In cancers of the head and neck. Persons
nheriting reduced activity variants
of NAT1 and NAT?2 genes, resulting in
the slow acetylator phenotype, are at a
greater risk of aromatic amine-induced
bladder cancer. This may include per-
Sons exposed through tobacco smoke
inhalation.® Pven though the inducible
form of arylhydrocarbon hydroxylase
(AHH) (CYP1AT and CYP1A2) has long

N suspected of increasing cancer
Susceptibility in PAH-exposed persons,
Molecular epidemiologic studies remain
Nconclusive. Studies of CYP2D6 metab-
Slizer status and tobacco smoke-related
ng cancer are similarly confusing?®

However, analysis of multiple traits,
eg, CYPIAI and GSTMI, in the same
population may help to resolve these
issues. Currently, there is a need for im-
proved epidemiologic study design that
integrates DNA adduct measures with
indicators of metabolic capacity.4¢#

Many DNA-repair genes have been
described recently, and a growing num-
ber of polymorphisms have been identi-
fied for which molecular epidemiologic
studies have provided evidence that ge-
netic variation in these attributes canbe a
human cancer risk factor.®®%! Typically,
these types of molecular epidemiological
studies 1nitially focus on high exposure
groups such as workers, patients taking
therapeutic drugs, and tobacco smokers.
Several polymorphisms in DNA-repair
genes have now been implicated in to-
bacco-related neoplasams.t52

Molecular characterization of tu-
mors, 1e, molecular profiling, is an im-
portant tool that has both etiologic and
clinical application. Molecular profiling
is a rapidly advancing area that is being
propelled by DNA and protein microar-
ray research.#42131% During chemical
carcinogenesis, the genome becomes al-
tered and mutations accumulate. These
mutations become evident in genes
responsible for growth control and
cellular homeostasis (including proto-
oncogenes, tumor suppressor genes,
and some DNA-repair genes), because

corruption of these functions is part of
carcinogenesis. In respect to chemical
carcinogenesis, the most studied genes
are Kirsten ras (Kras) and TP53. Kras is
mutated in ~30% of lung adenocarcino-
mas, and may prove to be an indicator of
prognosis or a guide to treatment.'® The
TP53 tumor suppressor gene 1s mutated
in most types of human cancers and it
is the most commonly mutated gene
yet known {(eg, mutations in TP53 are
found in ~50% of lung cancers). Unlike
ras gene mutations that are found in
highly specific regions (codons 12, 13,
59, and 61), TP53 mutations occur more
widely. This 1s presumably because a
positive growth advantage is conveyed
only with specific ras mutations and the
loss of TP53 tumor suppressor function
can occur with less specificity. However,
for some malignancies, TP53 mutations
have provided clues to cancer etiology
(see Table 15-4).1%61% TP53 is further dis-
tinguished from other genetic lesions
in that several possible mutant pheno-
types can exist. Mutations may simply
lead to the absence of TP53, an inactive
mutant protein may exist, or the mu-
tant might convey a growth advantage.
Several studies have investigated TP53
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.!¥1%

The goal of molecular epidemiology
15 to identify risk factors for disease and
outcome. Variations among humans m
carcinogen biodistribution, metabolism,
DNA adduct formation, DNA repair, and
potential responses to tumor promoters
have important implications in deter-
mining cancer risk. An increased under-
standing of the molecular basis of these
differences and their connection with
critical steps in carcinogenesis may assist
in future predictions of disease risk be-
fore the clinical onset of disease.

The facets of molecular epidemiology
of human cancer risk are the assessment
of carcinogen exposure and inherited
and acquired host cancer-susceptibility
factors. The interaction between these
facets determines cancer risk. When com-
bined with carcinogen bioassays in labo-
ratory animals and classic epidemiology,
molecular epidemiology can contribute
to the four critical aspects of cancer risk
assessment. (1) hazard identification, (2)
dose-response assessment, (3) exposure
assessment, and (4) risk characterization.
Important bioethical considerations ac-
company the identification of high-risk
individuals; these include autonomy, pri-
vacy, 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 psychosocial anxiety re-
garding the genetic testing of children.
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Therefore, the uncertainty of current
individual risk assessments and the lim-
ited availability of genetic counseling
services dictate caution. In addition, it is
widely held that genetic testing should
be restricted to those situations that are
amenable to preventative or therapeutic

intervention.!®
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