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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 djet (Table 14-1).1* A prime exam-
ple is tobacco smoke, which can cause cancers at
multiple sites including the lung, the bladder, and
the head and neck.>~7 Although most chemical
carcinogens do not react directly with intracellu-
lar components, they are activated to carcino-
genic 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 deoxyribonucleic
acid (DNA) and protein, and through covalent
bonding to DNA genetic damage results. Once
internalized, carcinogens are subject to compet-
ing processes of metabolic activation and detoxi-
fication, although some chemical species can act
directly. There is considerable variation among
the human population in these competing meta-
bolic processes, as well as the capacity for repair
of DNA damage and cellular growth control. This
is the basis for interindividual variation in cancer
risk, and is a reflection of gene—environment
interactions, which embodies the concept that
heritable traits modify the effects of chemical car-
cinogen exposure.® Such variations in constitu-
tive metabolism and DNA repair contribute to the
relative susceptibility of individual members of
the population to chemical exposures. For exam-
ple, only 10% of tobacco smokers develop lung
cancer, albeit that tobacco use accounts for other
fatal conditions, including emphysema, chronic
obstructive pulmonary disease, stroke, and heart
disease. Within the conceptual framework of mul-
tistage carcinogenesis, the primary genetic
change that results from a chemical-DNA inter-
action is termed tumor initiation.91° Thus, initi-
ated cells are irreversibly altered and are at a
greater risk of malignant conversion than are nor-
mal cells. The epigenetic effects of tumor promot-
ers facilitate the clonal expansion of the initiated
cells.!? Selective, clonal growth advantage causes
a focus of preneoplastic cells to form. These cells
are more vulnerable to tumorigenesis because
they now present a larger, more rapidly proliferat-
ing, target population for the further action of
chemical carcinogens, oncogenic viruses, and
other cofactors. Additional genetic changes con-
tinue to accumulate. The activation of oncogenes,
and the inactivation of tumor suppressor and
DNA-repair genes, leads to genomic instability or

the so called mutator phenotype and an accelera-
tion in the genetic changes taking place.!:12 This
scenario is followed by malignant conversion,
tumor progression, and metastasis. The underly-
ing molecular mechanisms that govern chemical
carcinogenesis are becoming increasingly under-
stood, and the insights generated are assisting in
the development of better methods to investigate
human cancer risk and susceptibility.!® The
results of such studies are intended to mold strat-
egies for prevention and intervention. Moreover,
insights into the normal operations of so called
gatekeeper genes,! like the tumor suppressor
TP53, have provided an opportunity to develop
new, targeted, therapeutic approaches.!’

MULTISTAGE CARCINOGENESIS

Carcinogenesis can be divided conceptually into
four steps: tumor initiation, tumor promotion,
malignant conversion, and tumor progression
(Figure 14-1). The distinction between initiation
and promotion was recognized through studies
involving both viruses and chemical carcino-
gens.>16 This distinction was formally defined in
a murine skin carcinogenesis model in which

Tablé 14-1

14

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),? 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 compris-
ing chemical carcinogenesis has been systemati-
cally dissected and the paradigm increasingly
refined, and both similarities and differences
between rodent and human carcinogenesis have
been identified.!®!? Carcinogenesis requires the
malignant conversion of benign hyperplastic cells
to a malignant state, and invasion and metastasis
are manifestations of further genetic and epige-
netic changes.2-22 The study of this process in
humans is necessarily indirect and uses informa-
tion from lifestyle or occupational exposures to
chemical carcinogens. Measures of age-dependent
cancer incidence 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.2> Partial
scheduling of specific genetic events in this pro-
cess has been possible for some cancers. Exam-
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hepatitis C virus,

1Strong circumstantial evidence.!5®

4-ABP = 4-aminobiphenyl; ALL = acute lymphoblastic leukemia; BCME = bischloromethyl ether; HBV = hepatitis B virus; HCV =
“Early report of occupational chemical carcinogenesis from 225 years ago.!

A comprehensive treatise on the evaluation of the carcinogenic risk of chemicals to humans can be found in the ongoing International
Agency for Research on C?ICCI‘ monograph program initiated in 1971.%
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among tobacco smokers and rubber industry
workers.5 In addition, nitrated polycyclic aro-
matic hydrocarbons are environmental contami-
nants resulting from the incomplete combustion
of vegetable matter and diesel fuel, and they are
related to aromatic amines by nitroreduction.

The metabolic activation of aromatic amines
is complex.55 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 pepulation. 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 can-
cer.56 This latter association may result from the
fact that activation of aromatic amines by N-
oxidation is a competing pathway for aromatic
amine metabolism. Also, the N-hydroxylation
products when protonated (by acid conditions in
the urinary bladder) form reactive electrophiles
that bind covalently with DNA or proteins to pro-
duce macromolecular damage.

An initial activation step for both aromatic
amines and amides is N-oxidation by CYP1A2.
CYP1A42 is inducible by phenobarbital, and because
it is also responsible for the 3-demethylation of
1,3,7-trimethylxanthine (ie, caffeine), CYP1A42 phe-
notype can be determined using this as a probe
-drug.7 The reactions 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-
5'phosphosulfate-dependent O-sulfotransferase.
The N-arylhydroxamic acids arise from the
acetylation of N-hydroxyarylamines or N-
hydroxylation of aromatic amides; they are not
electrophilic and require further activation. The pre-
dominant pathway for this occurs through the
acetyltransferase-catalyzed rearrangement to a reac-
tive N-acetoxyarylamine. Sulfotransferase catalysis
forms N-sulphonyloxy arylamides. This complex
pathway results in two major adduct types, amides
(ie, acetylated) and amines (ie, nonacetylated).

The heterocyclic amines form while cooking
food, primarily from the pyrolysis (>150°C
[302°F]) of amino acids, creatinine, and glucose.
They have been recognized as food mutagens,5®
shown to form DNA adducts and cause liver
tumors in primates.5® These compounds are acti-
vated by CYP1A2, and their metabolites form
DNA adducts in humans.’® The N-hydroxy
metabolites of 3-amino-1-methyl-5Hpyrido[4,3-
blindole (Trp-P-1), 2-amino-6-methyldipyrido[ 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 O-esterification of
N-hydroxy metabolites plays a key role in activat-
ing food mutagens, and the N-hydroxy metabo-
lites are also good substrates for transacetylases.
This suggests a possible etiologic role for these
chemicals in colorectal cancer with the rapid
acetylator phenotype.

Aflatoxins (B1, B2, G1, and G2) are metabo-
lites of Aspergillus flavus 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 (CYP2AS3;
CYP2A6; CYP3A4).4771 Aflatoxin B1 and Gl
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 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 in codon 249 are fre-
quent,”? This phenomenon is consistent with
metabolic activation of aflatoxin B1 and the forma-
tion of depurinating carcinogen—deoxyguanosine
adducts.

Carcinogenic N-nitrosamines are ubiquitous
environmental contaminants and can be found in
food, alcoholic beverages, cosmetics, cutting oils,
hydraulic fluid, rubber, and tobacco.” Tobacco-*
specific N-nitrosamines, such as 4-(methylni-
trosoamino)-1-(3-pyridyl)-1-butanone, are car-
cinogenic in a wide range of animal species.
Unlike exposure to many other carcinogens asso-
ciated 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.’ The
tobacco-specific nitrosamines are not symmetric
so both small alkyl-adducts and large bulky
adducts can be formed; for example, 4-(methyl-
nitrosoamino)- 1-(3-pyridyl)-1-butanone metabo-
lism gives rise to either a positively charged
pyridyl-oxobutyl ion or a positively charged
methyl ion, both of which are able to alkylate
DNA.7374 Endogenous nitrosation forms nitros-
amines when an amine reacts with nitrate alone or
nitrite in the presence of acid. Thus, nitrite (used
in curing meats) and L-cysteine, in the presence
of acetaldehyde (a metabolite of alcohol), form
N-nitrosothiazolidine-4-carboxylic acid. N-nitroso-
dimethylamine undergoes o-hydroxylation, cata-
lyzed primarily by the alcohol inducible CYP2E1,
to form an unstable o-hydroxynitrosamine. The
breakdown products are formaldehyde and
methyl diazohydroxide. Methyl diazohydroxide
and related compounds are powerful alkylating
agents that can add a small functional group at
more than 10 different DNA sites.

Non-genotoxic carcinogens may function at
the level of the microenvironment by dysregula-
tion of hormones and growth factors, or indirectly
inducing DNA damage and mutations through the
action of free radicals.”® These chemicals are
none or poorly reactive and are resistant to activa-
tion through metabolism. They are also character-
ized by their persistence in biological systems and
consequently tend to accumulate in the food
chain. However, they have the ability to stimulate
oxyradical formation. There are at least three
mechanisms by which this may occur: in the case
of persistent organochlorine species, interaction
with the Ah receptor chuld lead to cytochrome

P450 induction, similar to PAHs, and associated
oxyradi¢al formation; or interaction with other
receptors, like IFN-y, would stimulate elements
of the primary immune response and again gener-
ate oxyradicals; agents like asbestos would pro-
mote oxyradical formation through interaction
with ferrous metal and Fenton chemistry.
Oxyradicals generated by any one of these mech-
anisms can then damage DNA. Some of the so
called “nongenotoxic” carcinogens might more
appropriately be considered to be “oxyradical
triggers.” Indeed, chronic inflammatory states,
which involve oxyradical formation, can also be
cancer risk factors.”®

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 (generally small
adducts), oxidation, dimerization, and deamina-
tion. In addition, double- and single- strand breaks
can occur. Chemical carcinogens can cause epige-
netic changes, such as altering the DNA methyla-
tion status that leads to the silencing of specific
gene expression.”’ A complex pattern of carcino-
gen—DNA adducts likely results from exposure to
tobacco smoke, because of the mixture of different
chemical carcinogens present.’®
r7, t8-dihydroxy-c9, 10 epoxy-7,8,9,10-
tetrahydroxybenzo[a]pyrene (benzo[a]pyrene-7,8-
diol 9,10-epoxide, BPDE) reacts with the exocy-
clic (N2) amino group of deoxyguanosine and
resides within the minor groove of the double
helix; it is typical of polycyclic aromatic hydro-
carbons (see Figures 14-3 and 14-4). This adduct,
BPdG, appears to be the most common, persistent
adduct of benzo[a]pyrene in mammalian systems,
but others are possible. Some metabolites bind
covalently with deoxyadenosine, and proapurinic
adducts form through one electron oxidation (see
Figure 14-4). This type of adduct, BPdG and oth-
ers, is thought to induce ras gene mutations,
which are common in tobacco-smoking-related
lung cancers.2%:63,79.80 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 O6 positions of deoxyguanosine as
well as deoxyadenosine. The major adducts, how-
ever, are C8-deoxyguanosine adducts, which
reside predominantly in the major groove of the
DNA double helix (see Figure 14-4).65
Aflatoxin B1 and GI1 activation occurs -

through hydroxylation of the olefinic 8,9-position
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.3! The aflatoxin B1-N7-
deoxyguanosine adduct also can undergo ring
opening to yield two pyrimidine adducts; alter-
nately, aflatoxin B1-8,9-dihydrodiol could résult.
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.82

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-functional
groups that become available to form lesions in
DNA generally attack the following nucleophilic
centers: adenine (N1, N3, and N7), cytosine (N3),
- guanine (N2, 06, and N7), and thymine (02, N3,
and O4). Some of these lesions are known to be
repaired (O6-methyldeoxyguanosine), while others
are not (N7-methyldeoxyguanosine).’®7* Further-
more, O6-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 oxyradical dam-
age; however, oxyradicals and hydrogen peroxide
can be generated in lipid peroxidation and the cat-
alytic cycling of some enzymes.3? Tobacco smoke
is also a source of oxyradicals, and by inducing an
inflammatory response, tobacco smoke can con-
tribute to diseases such as asthma and chronic
heart disease, as well as cancer.”® Also, certain
drugs and plasticizers can stimulate cells to pro-
duce peroxisomes.34 In addition, increased
oxyradical formation is mediated through protein
kinase C when inflammatory cells are exposed to
tumor promoters like phorbol esters.35

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
cause a mutation (TpA).26 Deamination of
cytosine also can:generate a C to T transition if
uracil glycosylation and G-T mismatch repair are
inefficient. Oxyradicals can enhance the deami-
nation rate, so the activity of inducible nitric
oxide synthase and production of high concentra-
tions of nitric oxide could contribute to DNA
damage by this mechanism 87

Maintenance of genome integrity requires abro-
gation of DNA damage, and diminished DNA-
Tepair capacity is associated with carcinogenesis,
birth defects, premature 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 (doublestrand
break repair), mismatch repair, and homologous
recombination (postreplication repair).3%-38

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 triggers a signal transduction cascade
and downstream factors direct G1 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 com-
prising all the machinery necessary to accomplish
the step-by-step repair function.

Generically, DNA repair requires damage rec-
ognition, damage removal or excision, resynthe-
sis 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.8°
These genes are responsible for the fidelity of
DNA repair, and when they are defective the
mutation rate increases. This is the mutator phe-
notype.3* Mutations in at least 30 DNA-repair-
associated genes have been linked to increased
cancer susceptibility or premature aging (Table
14-2).%9 Moreover, the role of common polymor-
phisms in some of these genes are associated with
increased susceptibility in a gene—environment
interaction scenario (this is discussed under
“Implications for Molecular Epidemiology, Risk
Assessment, and Cancer Prevention™). Indeed,
molecular epidemiologic evidence suggests that
tobacco-smoking-related lung cancer is associ-
ated with a polymorphism in the nucleotide exci-
sion repair gene, XPC (ERCC2).%0

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

In DNA nucleotide excision repair, lesion rec-
ognition, preincision, incision, gap-filling, and
ligation are required, and the so-called excinu-
clease complex comprises 16 or more different
proteins. Large distortions caused by bulky DNA
adducts (eg, BPDE-dG and 4ABP-dC) are recog-
nized (XP4) and removed by endonucleases
(XPF, XPG, FEN). A patch is then constructed
(pol A, pol €) and the free ends are ligated.

Base excision repair also removes a DNA seg-
ment 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 (hOgg!,
UDG), an apurinic endonuclease (APE! or
HAPI) degrades a few bases on the damaged
strand, and a patch is synthesized (pol B) and
ligated (DNA ligases: I, II, IIlg, ITIB, and IV).

DNA mismatches occasionally occur, because
excision repair processes incorporate unmodified
or conventional, but noncomplementary, Watson—
Crick bases opposite each other in the DNA helix.
Transition mispairs (G-T or A-C) are repaired by
the mismatch repair process more efficiently than
transversion mispairs (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 excision
repair and resynthesis described earlier, but it
generally involves the excision of large pieces of
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the DNA containing mispairings. Because the
mismatch recognition protein is required to bind
simultaneously to the mismatch and an unmethy-
lated 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 recombina-
tion, where the joining of the free ends is medi-
ated 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 pro-
cess include XRCC4, XRCC5, XRCC6, XRCC7,
HRADS51B, HRADS2, RPA, and ATM.%

Postreplication repair is a damage-tolerance
mechanism and it occurs in response to DNA rep-
lication on a damaged template. The DNA polym-
erase stops at the. replication fork when DNA
damage is detected on the parental strand. Alter-
nately, 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 recom-
bination of the homologous parent strand with the
daughter strand in a process that is mediated by a
helical nucleoprotein (RADS51); or when a single
nucleotide gap remains, mammalian DNA polym-
erases insert an adenine residue. Consequently,
this mechanism may lead to recombinational
events as well as base-mispairing.

Persistent non-repaired DNA damage blocks
the replication machinery. Cells have evolved
translesion synthesis (TLS) DNA polymerases to
bypass these blocks.?293 Most of these TLS polym-
erases belong to the recently discovered Y-family,
have much lower stringency than replicative poly-
merases and thus are error prone. An increased
mutation frequency is an evolutionary trade-off
for cellular survival.

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, aneupl6idy, and translocations or rear-
rangements of chromosomes, to much smaller
changes in the DNA sequence including dele-
tions, insertions, and single nucleotide substitu-
tions. Therefore, carcinogenesis involves errors
in (1) chromosomal segregation; (2) repair of DNA
damage induced by either endogenous free radicals
or environmental carcinogens; and (3) DNA repli-
cation. Loeb originally formulated the concept of
the mutator phenotype in 197494 to account for
the high numbers of mutations in cancer cells
when compared to the rarity of mutations in nor-
mal cells. Recent advances in the molecular anal-
ysis of carcinogenesis in human cells and animal

Y
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Table.14-2  Exaniples of Disease Susceptibilify and Diseasé Syndromes Associated with Matations in DNA- epair Gengés

TP53 (DSB, NER, HR)

=
Ataxia-télangiectasia

Cell-cycle con;rol; exonuclease; apoptosi's; DNA binding

£

Cancer Susceptibility ! " : "
a
%
MLHI Danmage recognition” HNPCC2?P, glioma
MLH2 DNA binding HNPCC]1, ovarian cancer
MSH3 — Endometrial cancer
"MSH6 Sliding clamp. Endometrial cancer, HNPCC1
PMSI Damage recognition HNPCC3
PMS2 air initiation, HNPCCA4, glioblastoma
NER ’ . r »

BRCA-1 Directs p53 transcription towards DNA-repair pathways Breast cancer, ovarian cancer
RBI Cell-cycle restriction Retinoblastonia, bredst cancer, and progression osteosarcoma

DSB
BRCA-2 e Regulation of RADS51 «Breast cancer, pancreatic cancer

HR ’

d RADS4 Helicase Colon cancer, breast cancer, NHL:
Other

Colon cancer, common somatic defect in humpan cancer in general; inherjted in Li-
_Fraumeni syndrome and some breast cancers

) hOggl (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 Endonuclease Acute sun sensitivity, mild symptoms; late skin cancer \
XPC (and BER) ‘Exonuclease Mental retardation; skin sensitivity; microcephaly i
DDBI and DDB2 Binds specjfic DNA damage XPE—Mild skin sensitivity
XPA oy Damage sensor XPA—Skin and neugologic problems: the most severe XP
XPC Damage sensor XEQ—Skin, fongue, and lip cancer
XPE Damage sensor “XPE—Neurologically normal
PRR B ) ¥
POLH Polymerase XPV—Mild to severt skin sensitivity; neurologically normal
Other syndromes  *
NER ¢
Cockaynes
CSB ATPase Cutancous, ocular, neurologic, and somq.t'ic abriormalities; short stature, progressive
deafness, mental retardation, neurologic degeneration, early death; sometimes pre-
sents together with XPB
Jubérg-Marsidi
ATRX Putative helicas® Thalasserfiia/mental retardation
SB
“Nijmegen by
NBSI Nibrin;cell-cycle rfgﬁlation "= Microencephaly; mental retardation; immunodeficiency; growth retardation; radiation

sensitivity; predisposition to malignancy

ATM Phosphorylatign Neurologig deficiencies, manifest by inability to coordingte muscle actions; skin and
corneal telangiecftasgs. Leukemia, lymphoma, and other malignancies (breast can-
cer?)

MRE] I (Ataxia-like) Exonuclease DNA damage senbitivity; geromic instability; telomere shortening; aberrant meiosis;

3 severe tombined immunodeficiency

PRKDC Ser/Thr kinase SCID
‘Bloom’s

BLM DNA Helicase High rate of spontaneous lymphatic and other malignancy; high rate SCE®
Fanconi anemia

FANCA-G Protein control Multiple congehital malformations; chromosome breaks; pancytopenia.

' Telomere shortening

Werner e

WRN DNA Helicase/Ekonuclease Premature senility, short stature, exonuclease rapidly progressing cataracts, loss of con-
nective tissue and muscle, premature arteriosclerosis, increase risk of malignancy

RecQ4 DNA Helicase Osteosarcoma; premature aging.

2 Repair mechanisms: BER = base excision; DSB = double strand break; HR = homologous recombination; MMR = mismatch; NER = nucleotide excision; PRR = postreplication; SB = strand break.
b Diseases: HNPCC = hereditary nonpolyposis colon cancer; NHL = non-Hodgkin lymphoma.
¢ Other abbreviations: SCE = sister chromatid exchange; SCID = severe combined immunodeficiency.

models have refined the mutator phenotype!?  daughter cells, is remarkably accurate in dividing  eases. Although rare in the human population,
concept that is also linked to the clonal selection  normal cells. Whereas, the maintenance of the  inherited mutations in specific genes that are
theory proposed by Nowell (Figure 14-5).95 species will tolerate few mutations in germ cells,  responsible for rare cancer-prone diseases are

The fidelity of DNA replication, and the parti-  somatic cells may tolerate many more mutations  consistent with the mutator phenotype concept
tioning of equal numbers of chromosomes to the  that cause cancer and ofher life-shortening dis-  and indicate examples of functional classes of
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genes, resulting in the slow acetylator phenotype,
are at a greater risk of aromatic amine-induced
bladder cancer. This may include persons exposed
through tobacco smoke inhalation.®6 Even though
the inducible form of arylhydrocarbon hydroxy-
lase (AHH) (CYPIAI and CYPIA2) has long
been suspected of increasing cancer susceptibility
in PAH-exposed persons, molecular epidemio-
logic studies remain inconclusive. Studies of
CYP2D6 metabolizer status and tobacco smoke-
related lung cancer are similarly confusing.®
However, analysis of multiple traifs, for example,
CYPIA1I and GSTM1, in the same population may
help to resolve these issues. Currently, there is a
need for improved epidemiologic study design
that integrates DNA adduct measures with indica-
tors of metabolic capacity.!35-137

Many DNA-repair genes have been described
recently, and a growing number of polymor-
phisms have been identified for which molecular
epidemiologic studies have provided evidence
that genetic variation in these attributes can be a
human cancer risk factor.?0:91:138.139 Typically,
these types of molecular epidemiological studies
initially 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
tobacco related neoplasams. 140

The components of cell-cycle control comprise
genes that code for cell membrane receptors, inter-
mediate messengers, and transcription factors.
Polymorphisms in a number of these genes have
been implicated in various cancers, notably: TP53,
p73, BRCA-1, BRCA-2 and CCND1.141-144 How-
ever, there is overlap. This is because many of these
genes, like BRCA-1 and TP53, are integral compo-
nents of the DNA repair system. Indeed they con-
stitute a system of genome surveillance that alerts
cells of damage status.

Molecular characterization of tumors, that is,
molecular profiling, is an important tool that has
both etiologic and clinical application. Molecular
profiling is a rapidly advancing area that is being
propelled by DNA and protein microarray
research.37-38:145 During chemical carcinogene-
sis, the genome becomes altered 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 carcino-
genesis, the most studied genes are Kirsten ras
(Kras) and TP53. Kras is mutated in approxi-
mately 30% of lung adenocarcinomas, and may
prove to be an indicator of prognosis or a guide to
treatment.30 The TP53 tumor suppressor gene is
mutated in most types of human cancers and it is
the most commonly mutated gene yet known (eg,
mutations in 7P53 are found in approximately
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 is presumably because a positive
growth advantage is conveyed only with specific

ras mutations and the loss of 7P53 tumor sup-
pressor function can occur with less specificity.
However, for some malignancies, TP53 muta-
tions have provided clues to cancer etiology (see
Table 14-3).119:146 TP53 is further distinguished
from other genetic lesions in that several possible
mutant phenotypes can exist. Mutations may sim-
ply lead to the absence of TP53, an inactive
mutant protein may exist, or the mutant 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, 147,148

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 carcinogen-
esis may assist in future predictions of disease
risk before the clinical onset of disease.

The facets of molecular epidemiology of
human cancer risk are the assessment of carcin-
ogen exposure and inherited and acquired host
cancer-susceptibility factors. The interaction
between these facets determines cancer risk.
When combined with carcinogen bioassays in
laboratory 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 consid-
erations accompany the identification of high-
risk individuals; these include autonomy, privacy,
justice, and equity. Benefits of the knowledge
of risk for an individual may be offset by spe-
cific 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 services dic-
tate caution. In addition, it is widely held that
genetic testing should be restricted to those sit-
uations that are amenable to preventative or
therapeutic intervention.!4?
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