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Environmental, occupational, and recreational exposures to carcinogens con- 
tribute to cancer risk in humans. Cancer formation is a multistage process 
involving tumor initiation, promotion, conversion, and progression. Carcinogens 
can affect any of these stages through genetic and epigenetic mechanisms, The 
association of a suspected carcinogenic exposure and cancer risk can be 
studied in populations with classic epidemiologic techniques. However, these 
techniques are not applicable to the assessment of risk in individuals. Molecular 
epidemiology, in contrast, is a field that integrates molecular biology, in vitro and 
in vivo laboratory models, biochemistry, and epidemiology to infer individual 
cancer risk. Carcinogen-macromolecular adduct levels, and somatic cell muta- 
tions can be measured to determine the biologically effective dose of a carcho- 
Sen. Molecular epidemiology also explores host cancer susceptibilities, such as 
carcinogen metabolic activation, DNA repair, sndogenous mutation rates, and 
inheritance of mutated tumor suppressor genes. Substantial interindividual vari- 
ation for each of these biologic end points has been shown and, therefore, 
highlights the need for assessing cancer risk on an individual basis. Given the 
pace of the last decade, it is feasible that the next 10 years will allow molecular 
epidemiologists to develop a cancer-risk profile for an individual that includes 
assessment of a number of factors. This will help focus preventive strategies and 
strengthen quantitative risk assessments. 

(JAMA. 1991;266:681-687) 

THE ~ T U D Y  of environmental carcino- 
genesis finds its roots in the epidemiolo- 
gy of life-styleirelated and occupation- 
ally related cancers.' In 1769, John Hill 
reported that tobacco snuff could cause 
oral cavity cancers. This was followed 
by a publication from Perci.val Pott who 
concluded that working as a chimney 
sweep, exposure to soot, and poor hy- 
giene led to scrotal cancer. Other associ- 
ations followed, such as lung cancer and 
asbestos, arsenic, or radium: bladder 
cancer and aromatic amines; bone sarco- 
ma and radium; skin cancer and ionizing 
radiation; and leukemia and radiation or 
benzene. Equally important to the 
study of environmental carcinogenesis 
are .studies based on laboratory animal 
and in vitro cell and tissue studies. As 
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early as 1918, and in relationship to 
Pott's findings, Yamigawa and Ichika- 
wa reported that coal tar can cause skin 
cancer in laboratory animals. Later 
studies reported that individual chemi- 
cals can cause cancer. 

"he assessment of cancer risk is a 
multidisciplinary process, Methods and 
resources to assist physicians for esti- 
mating risk in individuals have been 
proposed.' However, quantitative risk 
assessments, used by regulatory agen- 
cies to assess risks in populations, are 
not applicable to risk in individuals. Mo- 
lecular epidemiology, in contrast, is a 
field that uses molecular genetics and 
biochemical techniques to assess an in- 
dividual's cancer risks. Central to mo- 
lecular epidemiology is the study of car- 
cinogen exposure, metabolism, and 
DNA repair. These factors determine 
the biologically effective dose of a car- 
cinogen. Equally important, an individ- 
ual's cancer risk is related to  endoge- 
nous rates of mutation, genetic 

e' 

instability, alterations in proto-onco- 
genes (naturally occurring genes that, 
when altered, contribute as oncogenes 
to cancer formation) and tumor s u p  
pressor genes (naturally occurring 
genes that are involved in controlling 
normal cell growth, differentiathn, and 
development). This article will review 
the current understanding of the multi- 
stage process of carcinogenesis, its role 
in molecular epidemiology, and the a p  
plication of molecular epidemiology to 
assessing carcinogenic risk. (Due to the 
limitations of citing multiple references 
herein, review articles are frequently 
cited and individual studies are offered 
as examples of the available literature. 
The reference list is not intended to be 
all-inclusive. ) 

MULTISTAGE CARCINOGENESIS 
Carcinogenesis is a multistage pro- 

cess of normal growth, diiTerentiation, 
and development gone awry. It is driv- 
en by spontaneous and carcinogen-in- 
duced genetic and epigenetic events. 
Figure 1 presents a simpued scheme. 
Tumor initiation involves the direet ef- 
fects of carcinogenic agents on DNA, 
mutations, and altered gene expres- 
sion. The attendant defects are involved 
in tumor promotion, whereby cells have 
selective reproductive and clonal ex- 
pansion capabilities through altered 
growth, resistance to cytotoxicity, and 
dysregulation of terminal differentia- 
tion.' Tumor promotion further in- 
volves an "initiated" cellular clone that 
may also be affected by growth factors 
that control signal transduction.' Dur- 
ing this pmess ,  progressive phenotyp- 
ic changes and genomic instability occur 
(aneuploidy, mutations, or gene amplifi- 
cation).'.' These genetfc changes en- 
hance the probability of initiated cells 
transforming into a malignant neo- 
plasm, the odds of which are increased 
during repeated rounds of cell replica- 
tion.' During tumor progression, angio- 
genesis allows for a tumor to grow be- 
yond l or 2 mm in size.' Ultimately, 
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Fig 1 .--Multistage process of carcinogenesis. 

tumor cells can disseminate through tivated by mutagenic mechanisms. For 
vessels, invading distant tissues and es- example, the p53 tumor suppressor 

gene, located on chromoaome 17, is the 
The role of proto-oncognes and their most commonly altered suppressor 

activation have become increasingly a p  gene among all tumors studied so far.." 
parent in the multistage model of carci- Germ line mutations of p53 have been 
nogenesis. These genes are important found in familial cancer syndromes (Li- 
to the regulatory mechanisms of Fraumeni syndrome).I6 This gene nor- 
growth, cell cycle, and terminal differ- mally encodes for a phosphoprotein in- 
entiation.' Activation of proto-oncwrf volved in control of cell proliferation. 
genes enhances the probability of neo- 'Single-base substitutions can result in 
plastic transformation, which can either loss of function or production of proteins 
be' an early or late event. Carcinogens that either interfere with normal func- 
can cause mutations in proto-oncogene tion or otherwise directly enhance neo- 
DNA sequences, or they can act as tu- plastic transformation." 
mor promoters enhancing the activity of ,,,me method by which carcinogenesis 
oncogene protein products. affects DNA and Droduces mutational 

. tablishing metastatic colonies.' 

Tumor iuppresjlor genes also play an 
important role in carcinogenesis.'.' Like 
proto-oncogenes, these genes regulate 
cell growth and terminal differentia- 
tion. However, they have the opposite 
effect by limiting growth and stimulat- 
ing terminal differentiation (Table 1). If 
inactivated, this type of dysregulation 
increases the probability of neoplastic 
transformation and is a dominant func- 
tion. Tumor suppressor genes are re- 
cessively inherited and generally re- 
quire loss of both genomic alleles. This is 
exemplified by inheritance of a predis- 
position to retinoblastoma and/or osteo- 
sarcoma, where patients possess a ho- 
mozygous loss of the Rbl gene on 
chromosome 13."" In the familial form, 
loss of one allele is inherited and the 
other is lost through later mutation. 
Loss of suppressor and antimetastasis 
genes can be an early or late event in- 
volving several steps, including angio- 
genesis and metastasis.'S 

Tumor suppressor genes can be inac- 

spectra is varied. dhemical carcinogens 
interact directly with DNA by covalent- 
ly binding to nucleotides and forming 
adducts (Fig 2). If present at the time of 
DNA synthesis, these adducts can 
cause mutations. Nitrosamines, for ex- 
ample, which are present in the diet and 
are linked to esophageal and gastric car- 
cinoma, result in base substitutions due 
to mispairing at sites where adducts are 
formed. h r the r ,  site specificity may be 
dependent on the type of nitrosocom- 
pound affecting specific oncogene or tu- 
mor suppressor gene function."Among 
the best studied is the m8 fsmily of 
proto-oncogenes. The rus protein prod- 
ucts are involved in signal transduction 
pathways initiated by growth factors 
and hormones at cell membrane recep 
tors. In several experimental systems, 
activ&tion is associated with tumor for- 
mation," angiogenesis,' and metasta- 
sis." Mutation of ~ a 9  proto-oncogenes 
has been observed in human cancers, 
includinglung, colon, pancreas, melano- 

Table 1.-Examples 01 Functions of Tumor Sup- 
pressor Genes' 

*FnnnHanis.' . 
ma, leukemia, and thyroid.' Base sub- 
stitutions a t  codons 12, 13, and 61 on 
exposure to such agents as nitrosa- 
mines, polycyclic aromatic hydrocar- 
bons, and radiation causes activation in 
animal models."" 

Some mutations may reflect specific 
carcinogen exposures and may exhibit 
target organ specificity. For example, 
p63 mutations at codon 249, frequently 
observed in hepatocellular carcinoma 
from China*' or southern Africa," are 
consistent with the type of damage 
caused by ailatoxin B, exposure, a com- 
mon dietary carcinogen linked o this 
tumor. In contrast, several t of p63 
mutations have been observ d in lung 
cancer," which is consistent w t h  a mul- 
tiple carcinogen exposure from tobacco 
smoke. 

Some carcinogens can damage DNA 
directly, eg, bis(chloromethyl)ether, 
but most require metabolic activation 
by cytochrome P-450 metabolic en- 
zymes.8 The primary role of cyto- 
chrome P-450 enzymes is detoxification. 
During metabolism, howeber, function- 
al groups can be added or exposed that 
result in the formation of reactive elec- 
trophilic intermediates that bind cova- 
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A R 
Cytosine Thymine 

Fi 2.-Sites of alkylation of DNA under physiologi- 
CBI conditions. NIrosamines are metabolized to re- 
active intermediate s t a t  can bind to nucleotidesal a 
variety of sites (indicated by asterisks). These le- 
sions can be promutagenic (data adapted from 
PeggW). 

lently with nucleotides and form DNA 
adducts (Fig2). Among the best studied 
are the epoxidation reactions in the me- 

oxyradical damage.-Qxidative DNA 
damage can be prevented chemically 
(vitamin E, glutathione, uric acid) or 
enzymatically {superoxide dismutase, 
catalase, peroxidase)."." 

On a molecular basis, cells also pos- 
sess the ability to repair DNA damage. 
An extensively studied repair enzyme 
is 06-alkylguanine-DNA-alkyltransfer- 
ase. This enzyme repairs damage from 
alkylating agents such as nitrosa- 
mines." I t  is a suicide protein in that it 
transfers the alkyl group to itself and 
becomes inactivated. Cell cytotoxicity 
and tumor cell resistance are negatively 
correlated with the levels of this en- 
zyme," and levels vary within organs 
and among people.2g" 

In almost every step of the multistage 
process of carcinogenesis, person-to- 
person differences in cancer susceptibil- 
ity can be found." Interindividual dif- 
ferences for particular traits can be 
acquired or inherited. Inheritance of 
the ability to metabolize debrisoquin 
sulfate, an antihypertensive medica- 
tion, is correlated with lung cancer 
risk."." Another example is the aryl hy- 
drocarbon hydroxylase enzyme in- 
volved in the metabolism of wlscyclic - - -  

tabolism-of polycyclic aromatic hydro-, aromatic hydrocarbons. Activity varies 
carbons and- aflatoxin B,. Cytochrome 
P-450 enzymes can be either induced or 
constitutively expressed. Acetyltrans- 
ferases and glutathione transferases 
are other types of metabolic changes. 
Decreased function of these enzymes 
also results in increased accumulation of 
toxic intermecXates of mutation. 

Independent of carcinogen exposure, 
human cells are continuously undergo- 
ing spontaneous mutations at a low rate, 
eg, oxidative damage, polymerase infi- 
delity, chromosomal rearrangement, 
recombinase infidelity, and telomere re- 
duction. The process of cell and DNA 
replication can increase the rate of mu- 
tation.' When one considers that the hu- 
man body contains 10" cells and that 
these cells undergo 10'' divisions over a 
person's life span, it is possible that ge- 
nomic instability plays an important 
role in 

Oxidative DNA damage following 
free radical activation is the result of 
both endogenous and exogenous fac- 
tors. Endogenously, oxidative damage 
results from the production of active 
oxygen species mediated through hy- 
drogen peroxide, superoxide anions 
(0,9 and hydroxyl radicals (OH-) com- 
monly found in cells associated with in- 
flammation. Lipid peroxidation also can 
cause oxidative damage. Ionizing radia- 
tion, benzo[alpyrene, benzene, ciga- 
rette smoke (due to the presence of cate- 
chols, quinones, nitrogen oxides, and 
other agents), and asbestos all cause 
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in lung tissue" but can also be inducible 
on exposure to agents such as tobacco 
smoke." Induction can even vary among 
individuals and is notably higher in pa- 
tients with lung cancer than in non- 
cmcer controls.' Levels of aryl hydro- 
carbon hydroxylase activity have also 
been correlated with prognosis in lung 
cancer." 

The multiple stages of carcir'ogenesis 
are best exemplified by a model of hu- 
man colorectal tumorigenesis, as re- 
cently described by Vogelstein and oth- 
ers (summarized in a study by Fearon 
and Vogelstein"). In the early stages, 
and apparently more common in pa- 
tients with familial polyposis, loss or 
inactivation of a candidate tumor s u p  
pressor gene, MCC located on chromo- 
some 5q, is associated with cellular hy- 
perproliferation. Later, a phenotypic 
appearance of adenoma occurs that is 
accompanied by hypomethylation with 
genomic instability. More advanced tu- 
mors involve oncogenes and tumor s u p  
pressor genes not observed in early ade- 
nomas. These include E-ras mutations 
on chromosome 12; mutation of p53 tu- 
mor suppressor genes on chromosome 
17; and a deletion of DCC, the putative 
tumor suppressor gene on chromosome 
18q and that may be involved in cell-to- 
cell adhesion and pssibly metastasis. 
Other allelic losses can occur in other 
chromosomes. Thus, it appears that at 
least six genetic events occur in the de- 
velopment of colorectal carcinoma. The 

combined events are more important 
than the actual order in which they 

CARCINOGEN EXPOSURE 
ASSESSMENT 

Genetic damage from carcinogens re- 
sults from a number of detmminants, 
including exposure, absorption, metab 

~ ohm,  and DNA repair, Each of these 
can be affected by host factors. The 
amount of carcinogen that reaches the 
target macromolecule (eg, DNA) in a 
sensitive organ \1s the biologically effec- 
tive dose. Measurements of DNA and 
protein adducts in humans have been 
the focus of research in numerous lab- 
oratories. Central to these studies, 
however, is the application of sensitive 
and specific assays that are required to 
detect femtomole and attomole levels of 
adducts in microgram amounts of DNA. 
Current methods are challenged be- 
cause of the complexity and multitude of 
possible exposures in human tissues. 
Previous research has demonstrated 
the need to develop assays using au- 
thentically synthesized standards and 
micropreparative techniques. More- 
over, corroborative techniques are 
needed for validation. 

A variety of assays are available to 
identify carcinogen DNA adducts in hu- 
man tissues. These include the phospho- 
rus SZpostlabeliig assay nucleotide 
chromatography, immunoassays, fluo- 
rescence spectroscopy, gas chromato- 
graphy-mass spectroscopy, and electri- 
cal chemical detection (reviewed in a 
study by Shields et al"). The choice of 
tissue to be studied (eg, blood, lung, 
buccal mucosa, or urine) can be critical 
for determination of exposure assess- 
ments because of the multiple factors 
that determine the degree of adduction. 

Expo~tures to polycyclic aromatic hy- 
drocarbon (PAH) compounds am asso- 
ciated with an increased risk of lung and 
skin cancer. Industrial pollution, fo rsil 
fuels, and tobacco smoke account for the 
major environmental sources. Dietary 
exposures also occur due to overcooked 
or charcoal-broiled meats. Carcinogenic 
PAHs are metabr.hxl by cytochrome 
P-460 monooxygtllases, and reactive 
epoxide intermediates readily form ad- 
ducts in DNA. Adduct levels have been 
correlated with exposure in cokesven 
workers,- tobacco consumption,u and 
urban vs rural residences," but de- 
creases during vacation from occupa- 
tional s o w e s  have been observed.' 
Seasonal variation in adduct levels has 
also been observed.* Some studies have 
not found correlations with tobacco con- 
sumption, but this may be due to other 
sources of exposure. For example, di- 
etary exposures to PAHs can contrib- 
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ute significantly to adduct levels in 

Nitrosamnes and other nitrosocom- 
pounds are potential human carcino- 
gens. These compoun& readily alkylate 
DNA and form adducts but most re- 
quire metabolic activation. Exposure 
can occur through endogenous forma- 
tion of nitrosamines or directly from di- 
etary sources, cosmetics, drugs, house- 
hold commodities, and tobacco smoke. 
Endogenous formation occurs in the 
stomach from the reaction of nitrosata- 
ble amines and nitrate, which are con- 
verted to nitrites by bacteria. Endoge- 
nous nitrosamine formation can be 
estimated by administration of proline, 
a nontoxic precursor that reacts with 
nitrites and is excreted in the urine. 

. Excretion of nitrosoproline varies 
among individuals' and is associated 
with risk of stomach"*@ and esophageal 
cancer."*" Whether this is related to en- 
dogenous host factors or coexisting di- 
etary exposures remains unknown. I t  
has also been shown that coadministra- 
tion of vitamin C can reduce the rate of 
endogenous nitrosation. 

The reaction of nitrosamine metabo- 
lites and DNA results in several types of 
adducts, only some of which are promu- 
tagenic. These adducts can be measured 
in human tissues (Fig 3) and have been 
correlated with cancer incidence.- Us- 
ing a radioimmunoassay for O'-methyl- 
deoxyguanosine, adduct levels were 
found to be higher in persons with 
esophageal cancer in China." In'a sepa- 
rate study, levels of O'ethylthymine 
were found to be higher in liver samples 
from persons with liver and other 
cancers." 

Among the best studied potential di- 
etary carcinogens are aflatoxins pro- 
duced by Aepergillusjlavw, and Asper- 
gillus parasiticus. These molds are 
contaminants of corn, peanuts, sor- 
ghum, rice, and other agricultural prod- 
ucts. Levels of aflatoxin vary between 
regions. Aflatoxin B, consumption has 
been linked to primary hepatocellular 
carcinoma in areas where liver cancer is 
common, eg, the Orient and Africa. 
Metabolic activation of aflatoxin B, var- 
ies amonein'dividuals, resulting in dif- 
ferent levels of adducts." Exposure and 
adduct levels are inversely correlated 
with residence in industrialized coun- 
tries."'." Exposure also has been linked 
to a mutation in the p53 tumor suppres- 
sor gene in hepatocellular carci- 
nomas."" 

Aromatic amines have been implicat- 
ed in bladder carcinogenesis, especially 
in occupationally exposed cohorts and 
tobacco smokers. Metabolic activation 
occurs via multiple cytochrome PA50 

' and acetyltransferase." Internal dosim- 
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Fig 3.-Representathn, analysis of human lung DNA for the detwtbn and quantitcltkn of N7methyWoxy. 
guanodne (N7methyidGp) by combining high-portonnance liquid chhatography and phosphorue 
32-postlabelIng assay. DNA was enzymatkxlly digested to lndhddud nucleotklesthat wen then Wated by 
high-performance chromatography (top). Radbactb orthophosphate h enzymatically transfend to the 
nacleotideo and then subjected to two-dhnmskmal thin-layer ch- (boltom Wl and right). 
Autoradiography identitles the unmodified nudeotlda (bottom left) and the adduct (bottom right) Thio person 
was a 57-yearold male painter "hg had a 4o.padc year smoking history. The h l  of adduct to unmodified 
nucleotides was one In 7 . 2 ~ 1 0  (dCp lndlcates deonycylldine 3'-phosphate; dGR deoxyguanosine 
3'-phosphate: dTp, deoxythymidine 3'-phosphate: and d& deoxyadenoslne 3'-phosphate). 

etry has generally focused on hemoglo- 
bin rather than DNA adducts. Levels 
are higher in smokers than nonsmokers 
and decrease with cessation.q 

Among the most important life-style 
risk factors in carcinogenesis is tobacco 
smoke exposure. Due to widespread ag- 
gressive advertising and the addictive 
nature of cigarettes, tobacco smoke has 
become the major cause of cancer. Of 
growing concern is the documentation 
that passive exposure to tobacco smoke 
also increases the risk of lung cancer." 
Because of the causal relationship to 
lung and other cancers, tobacco smoke 

exposure is useful for developing expo- 
sure assessments. Putative adducts 
have been correlated with consumption 
by the phosphorus 32postlabelin as- 
say in human lunf and placenta but 
not in peripheral lymphocytesw or oral 
mucosa.u 'lbbacco-specific nitrosa- 
mines are potent carcinogens in labora- 
tory animals." Levels are higher in sec- 
ondary rather than mainstream smoke, 
raising the question of their role in pas- 
sive smoke exposure. Hemoglobin ad- 
ducts are increased in smokers more 
than nonsmokers, while higher levels 
are reported in snuff dippers." Inhala- 

iB 
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T i l e  2.-Interactive Effects of Carcinoaen Exposure and host Factors. 

~ ~~~~ 

Chemicalchemical Tobacco smoke and alcoholic beverages Otolaryngeal, esophageal 
Viral-chemical HP;' and tobacco smoke & N h l  

EBV and nitrosamine Nasopharyngeal 
HBV and aflatoxin 8. Liver 

Physicalchemical Asbestos and tobacco smoke Lung 
Radon and tobacco smoke Lung 

Chemical-host PAH and CYP2D6 Lung 
Tobacco s h e  and CYP2D6 Lung 

Physical-host Asbestos and CYP2D6 Lung 

Viral-host EBV and X-linked immunodeficiency syndrome Lymphoma 

Chemotherapy Leukemia 

Sunlight and xeroderma pigmentosum Skin 
Radiation and RBdeficlent genotype Osteosarcoma 

'HPV indicates human papilloma virus: EBV, Epstein-Barr virus: HBV, hepatitis B virus: CYP2D6, cytochm 
P-450 CYP2D6 metabolic phenotype determined by debrisoquin sulfate administration and measurement of urinary 
malatoliies: PAH. polycyJic aromatic hydrocarton: and RB. retinoblastoma. 

tion of tobacco smoke also results in ex- 
posure to ethylene oxide, aromatic 
amines, and agents that cause oxyradi- 
cal damage. Adducts from these agents 
are also correlated with active con- 
sumption and passive exposure.us68." 

Interactive effects of chemical and vi- 
ral agents, chemical and physical 
agents, and host factors have been ob- 
served (Table Z).'" One example is the 
relationship of aflatoxin B, and hepatitis 
viruses to the develo::..nent of hepato- 
cellular carcinoma. Hepatitis B virus 
and, more recently, hepatitis C virus 
have been linked to primary hepatocel- 
lular carcinoma. However, geographic 
relocation of hepatitis B v i m  carriers 
indicates that factors other than infec- 
tion axe important. These include afla- 
toxin B, exposure and consumption of 
alcoholic beverages. Another example 
is the combined exposure of tobacco 
smoke and radon in uranium miners sig- 
nificantly acts to increase risk of lung 
cancer. Cigarette smoke in unventi- 
lated rooms increases levels of radon 
decay products, theoretically because 
the products attach to tobacco smoke 
particulates. 

Occupational asbestos exposure and 
tobacco consumption also act synergis- 
tically to increase the incidence of bron- 
chogenic carcinoma. In vitro DNA 
strand breaks increase with the com- 
bined exposure." Moreover, tobacco 
smoke and asbestos, through their abili- 
ty to induce inflammation and lipid per- 
oxidation, cause oxidative DNA dam- 

Another consideration for the 
interactive effect is the ability of asbes- 
tos to absorb benzo[a]pyrehe and act as 
a carrier for the cwcinogen.".7s 

INHERITED PREDISPOSITIONS 
Inheritance plays an important role in 

host susceptibilities to cancer. Family 
cancer syndromes can lead to up to a 
1000-fold increased risk of cancer (re- 
viewed in a study be Li''). Patients with 
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the Li-Fraumeni syndrome, at risk for 
tumors at, multiple sites, inherit mutant 
p53 genes." Retinoblastoma, another 
inheritable tumor, is associated with 
loss of a suppressor gene on chromo- 
some 13q. These individuals are also at 
risk of other tumors (soft tissue sarco- 
mas and osteosarcomas) within radia- 
tion therapy porkn  Host susceptibility 
can be manifested through inheritable 
interindividual differences in metabo- 
lism, DNA repair, genomic instability, 
or altered proto-oncogene or suppres- 
sor-gene expression. 

The study of the cytochrome P-450 
CYP2D6 enzyme is among the best ex- 
amples of inheritable interindividual 
differences in metabolism. CYF'2D6 is 
responsible for metabolism of several 
medications, including tricyclic antide- 
pressants, p-blockers, and debrisoquin. 
Poor metabolizers are at risk of adverse 
drug reactions. However, in an English 
cohort, a fourfold-higher risk of lung 
cancer was associated with the exten- 
sive metabolic phenotype.= This associ- 
ation has been confirmed in a second 
study of lung cancer, with an odds ratio 
(OR) of 6.1." The extensive metabolic 
phenotype has also been shown to have 
an interactive effect with occupational 
exposures to asbestos and PAHs." A 
method for genotyping individuals from 
a small blood sample using the polymer- 
ase chain reaction and amplification of 
mutants and wild-type alleles targeting 
specific base mismatches is now avail- 
able.'" This method, in conjunction with 
a restriction fragment length polymor- 
phism analysis, can correctly character- 
ize over 95% of metabolic phenotypes. 
Thus far, the only carcinogenic sub- 
strate identified for CYP2D6 is methyl 
nitrosaminopyridylbutanone but not 
other tobacco-specific nitrosamines that 
have been tested (F. Gonzalez, PhD, 
oral communication, January 1991). Un- 
less there are other unidentified carci- 
nogenic substrates, an alternative ex- 

planation is that the gene is in linkage 
disequilibrium with another gene re- 
lated to cancer risk. 

The cytochrome P-450 CYPlAl en- 
zyme metabolically activates PAHs. A 
restriction fragment length polymor- 
phism using the polymerase chain reac- 
tion has been described that is reported 
to correlate with lung cancer risk (OR of 
3) in Japanese cancer patients compared 
with historical controls." Other ethnic 
populations will also need to be investi- 
gated. For example, a striking differ- 
ence in allelic frequency between whites 
and blacks in the United States was 
found." 

An investigation involving the m e  
tabolism of isoniazid, commonly used in 
the treatment of tuberculosis, led to the 
identification of acetylation phenotypes 
for the enzyme acetyltransferase. This 
enzyme, besides metabolizing caffeine, 
also metabolizes certain carcinogenic 
aromatic amines. The slow acetylation 
phenotype has been associated with in- 
creased risk of bladder cancer.p*" In 
contrast, rapid acetylation is correlated 
with tba risk of colon cancer." A correla- 
tion of aromatic amine adducts and ace- 
tylator phenotype in tobacco smokers 
highlights the relationship of acetyla- 
tion and DNA damage.' 

Detoxification of carcinogenic reac- 
tive intermediates also can vary among 
individuals. Glutathione transferase ac- 
tivity is inherited in an autosomal domi- 
nant fashion. It is responsible for detox- 
ifying metabolites of aromatic and other 
compounds. Specific mp  class isoen- 
zymes that have high activity toward 
trans-stilbene oxide have been corre- 
lated with lung cancer risk.m An OR of 
3.25 for the absence of such activity in 
adenocarcinoma patients was reported. 
In a separate study, the absence of this 
transferase activity was correlated with 
the risk of stomach and colon cancer." 

Genetic differences in protwnco- 
gene sequences can also be predictive of 
risk. Using Southern blot analysis and 
restriction fragment length polymor- 
phism, it has been possible to demon- 
strate that rare alleles of Ha-ras are 
detectable primarily in cancer patients 
but not in controls.' Thes alleles are 
the result of reiterated DNX sequences 
arranged in tandem array. These re- 
gions may provide an unstable site 
where recombination or amplification 
occurs. An association of rare alleles 
with lung cancer risk was, tested in a 
case-control study, and the association 
was found to be strongest for black per- 

A tc td  of 16 studies have tested 
the association with lung and other can- 
cers, including bladder, breast, leuke- 
mia, brain, and colorectal, but have 
found conflicting results." This may be 
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due to differences in characterization of 
rare alleles or study designs. 
Analysis of the L-myc proto-onco- 

gene also demonstrates a polymorphic 
restriction enzyme site. The site-pre- 
sent allele has been detected more fre- 
quently in males with soft tissue sarco- 
ma" and also in patients with gastric and 
lung cancer."" The association also sug 
gests a worse prognosis at the time of 
diagnosis for patients with renal cell 
cancer." A recent analysis of persons 
with lung cancer failed to reveal the 
predictive value of this polymorphism." 
Interestingly, racial differences were 
again found, whereby the homozygote 
site-present genotypes were tietected 
more frequently in American blacks. 
PERSPECTIVE 
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