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within a pilot lung cancer case—control stu¢B). This was the
Cancer prevention has been the stated goal of molecular first of many reports of the presence of carcinogen—DNA ad-
cancer epidemiology for the past 17 years. In this review, ductsin vivoin a human population. [There had previously been
progress toward that goal is evaluated by using as examplesa single repor(9) of methylated purine in human liver as a result
well-studied environmental exposures—i.e., tobacco smoke,of an intentional poisoning.]

polycyclic aromatic hydrocarbons, aflatoxin B;, benzene, During the past 17 years, molecular cancer epidemiology has
and hepatitis B virus—and their roles in lung, breast, and been variously perceived as a new field, an advanced form of
liver cancers and leukemia. The contributions of molecular clinical epidemiology, or a subdiscipline of public health epide-
epidemiology discussed here include providing evidence that miology (10,11); however, the label has stuck, and many
environmental agents pose carcinogenic risks, helping estab-schools of public health and research institutes now have pro-
lish the causal roles of environmental factors in cancer, iden- grams in molecular epidemiology. A formal Molecular Epide-
tifying environment—susceptibility interactions and popula- miology Group is affiliated with the American Association for
tions at greatest risk, and developing new intervention Cancer Research, and several international associations have
strategies. Molecular epidemiologic and other data indicate been established.

that assessment of carcinogenic risks should address both The stated goal of molecular cancer epidemiology is the pre-
the range of risk across the population and the risk to sub- vention of cance(l), a disease that in the United States claims
groups who may be at high risk because of genetic or ac- over half a million lives annually, with more than 1 million new
quired susceptibilities, including young children. However, cases diagnosed each year and attendant direct annual costs of
for the most part, research results have not yet been effec- $107 billion (12). This review will trace the progress of this
tively translated into risk assessments and preventive health relatively new, still-developing field toward prevention. Is it
policies. An infrastructure linking scientists, policy makers, advancing steadily or only “slouching” toward that goal? What
and other constituencies is needed to facilitate this process.has it accomplished thus far? What is its future? What resources
To extend our knowledge, the second generation of molecu-are needed to overcome obstacles along the path to cancer pre-
lar epidemiologic research should include large-scale, col- vention?

laborative studies incorporating validated biomarkers and The cancers used as examples here—lung, breast, and liver
automated technologies. An incentive to make the necessarycancers and leukemia—exact a terrible toll worldwide. Many
investment is the recognition that prevention of only 20% lines of evidence indicate, even more clearly than in 1982, that
of cancer in the United States would result in 200 000 fewer the great majority of these and other cancers are, in principle,
new cases diagnosed each year and an annual savings gfreventable because the factors that determine their incidence
$21.4 billion in direct costs alone. [J Natl Cancer Inst 2000; are largely exogenous or environmentgB—15).These factors
92:602-12] include exposures related to lifestyle and occupation and pollut-
ants in air, water, and the food supply. Genetic factors are clearly
portant in terms of influencing individual susceptibility to
rcinogens; in some rare forms of human cancer, hereditary
ctors play a decisive role. There is, however, increasing rec-
If?gnition that controlling external factors presents the greatest
t8pportunity for primary cancer prevention and its immediate
Benefits. This awareness has lent greater urgency to the search

Although it stands on the shoulders of seroepidemiology alera
genetic epidemiology, molecular cancer epidemiology as a reg
ognized discipline is quite new, having been formalized only i
the 198041-7).1n 1982, Weinstein and | offended some puris
in epidemiology and molecular biology alike by proposing

combination with analytic epidemiology to identify at the bio
chemical or molecular level specific exogenous and/or host f

tors that play a role in h.“maﬂ cancer cau_sati()h)’. To give smoke, PAHSs, aflatoxin B(AFB,), benzene, and hepatitis B
structure to molecular epidemiology, we delineated four cateqqr, s (HBV)—in the cancers cited above will provide illustra-

ries of biomarkers: internal dose, biologically effective dos ; iol lav in i iy
response, and susceptibility. Our hope was that, by introduc%tﬁgsrggm?nga?s?OIeCUIar epidemiology can play in identifying
o .

biomarkers into epidemiology, researchers “should be able
predict human risks more precisely than hitherto possifilg”
My colleagues and | then tested whether carcinogen-specifieorrespondence tderederica P. Perera, Dr.P.H., Division of Environmental
DNA damage, as a marker of biologically effective dose, coulgkalth Sciences, Joseph L. Mailman School of Public Health at Columbia Uni-
be detected in human blood and lung tisgugivo and reported versity, New York, NY 10032 (e-mail: FPP1@columbia.edu).

in 1982 that polycyclic aromatic hydrocarbon (PAH)-DNA ad- See‘Notes” following “References.”

duct levels were indeed present in biologic samples collectedxford University Press

the malignant process is entrenched. In this review, research on
usal roles of specific environmental exposures—tobacco
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For this critical review, it has been necessary to select onlyshowing elevated risk of lung cancer in PAH-exposed popula-
few of the many possible examples of molecular epidemiolodiions.
studies. The field is strewn with studies either that failed to use Although not all studies have been positive, since 1982 more
validated biomarkers or whose designs did not adequately cenidence has been developed that PAH-DNA adducts in WBCs
sider the biology of the end point. The studies selected for ior lung tissue may be risk markers for lung can(z8-30).In
clusion have avoided these major pitfalls, although the reseagie study(29), higher PAH-DNA adduct levels were found in
discussed includes pilot or transitional studies that, by their naBCs from 119 case subjects (compared with 98 control sub-
ture, had less than optimal designs. The author hopes that jbigs), after adjustment for amount of smoking, dietary PAH
discussion will prompt other critical reviews of molecular epiexposure, and other potential confounders. While the difference
demiology’s progress, out of which will come coursewas greatest for subjects who smoked, the same pattern of higher
corrections for the field. adduct levels in case subjects than in control subjects was seen
in former smokers and nonsmokers. Unmeasured variability in
smoking, diet, or indoor or outdoor PAH concentrations may
artially explain these findings; however, they are also consis-

ha;(felzrl':r?e(r:ggsI?ee\;etst?oix(tﬁggrlocghlgchlgnorlc?\(/;il:jlﬁr eep\;ic:jee?::c:cihépt with evidence that some individuals are predisposed to ge-
b y=2p 9 tic damage from PAHs and, thereby, to lung car{dér32).

o . . . N
specific environmental agents pose human carcinogenic hazarlcis . )
2) establishing their causal role, 3) identifying subsets of th €y support the theory that cumulative damage resulting from

population who are at special risk, and 4) using this informatié e overwhelming of DNA repair processes by genotoxic chemi-

to suggest or to develop new and more effective strategiesc _sthat b'.nd loDNAISa major cause of can(38). The StUdY .
reduce risk of interactions between environment and cancer susceptibility

has become one of the most active areas of prevention-related

Providing New Evidence That Environmental Agents Pose esearch.%ee belowfor further discussion.)

Carcinogenic Risks: the Role of Tobacco Smoke and PAHs  Supporting molecular evidence that PAHs play an important

in Cancer role in lung cancer comes from the observations that the p53
tumor suppressor gene is mutated in 40%-50% of lung tumors

Lung cancer. Tobacco smoke was identified in 1949 as and that the pattern of mutations is consistent with the types of
potent human lung carcinogen and still ranks at the very top BNA adducts and mutations induced experimentally by BaP
the list of environmental carcinoge(s6). It contains 55 known (34,35).
carcinogens, including PAHs (e.g., bengjpyrene [BaP]), Caution is necessary in interpreting results from some studies
4-aminobiphenyl (4-ABP), and 4-(methylnitrosamino)-1-(3ef PAH-DNA adduct levels and cancer risk. Case—control stud-
pyridyl)-1-butanone (NNK), a nitrosamine derived from nicotings alone are, by their retrospective nature, unable to definitively
(17,18).[For a review of the evidence of the carcinogenicity oéstablish causality, and the predictive value of adducts has not
tobacco smokesee (18). PAHs are also found in outdoor airbeen established in prospective or nested case—control studies. In
from automobile exhaust and emissions from power plants aaddition, because the carcinogenic impact of adducts depends on
other industrial sources; in indoor air from tobacco smokinghe tissue and genes affected, one cannot assupréri that
cooking, and heating; and in the diet from consumption @dduct levels measured in tissue such as blood are a valid sur-
smoked or grilled fooq19,20). rogate for those in target tiss@). The relationship between

It has long been known from experimental research that maagiduct concentration in blood and that in target tissue must be
carcinogens, including the PAHSs, exert their effects by bindirestablished for individual carcinogens. With respect to PAH—
to DNA and forming adducts that may lead to mutation an@NA, an experimental stud§86) has shown ubiquitous binding
ultimately, to cance(21). Thus, using adducts as biomarkers hasf BaP metabolites to DNA and protein. Using an immunoassay
the theoretical advantage that they reflect chemical-specific der PAH-DNA, Tang et al.(29) found a correlation between
netic damage that is mechanistically relevant to carcinogeneBiNA adducts in WBCs and lung tumor tissue from the same
(21,22). case subjects (= .34;P = .05). Similarly, Wiencke et a[37)

In 1982, PAH-DNA adducts were first detected in humansed the*?P-postlabeling assay to demonstrate a correlation be-
subjectsin vivo, specifically in white blood cells (WBCs) andtween aromatic-DNA adducts in WBCs and non-tumor lung
lung tissue from lung cancer patients, most of whom were smdissue ( = .77; P<.001).
ers. Samples from some of the nonsmoking cancer patients andBreast cancer.There is conflicting but suggestive epidemio-
control subjects in the same study showed the same molecldgyic evidence that active tobacco smoking and passive tobacco
fingerprints, presumably as a result of passive smoking and otkeroking contribute to the incidence of breast can@&40).
exposures to PAHE). Subsequent studies in healthy, exposedke other constituents of tobacco smoke, such as 4-ABP and
populations (active smokers, coke-oven and foundry workesmme heterocyclic amines, a number of PAHs are potent mam-
and residents of Poland, the Czech Republic, and the Peopleary carcinogens in bioassay41,42). In addition to being
Republic of China exposed to air pollution from coal burningyenotoxic and mutagenic as a result of DNA adduct formation,
have found increased concentrations of PAH-DNA adduct leRAHs alter estrogen metabolism and binding to the estrogen
els in blood and other tissues, with no apparent threshold feceptorln vitro studies show that human breast epithelial tissue
DNA binding (23—-26).Most studies of PAH-DNA adduct levelsis capable of metabolizing PAHs to their ultimate mutagenic/
in human subjects have observed substantial interindividwarcinogenic formg¢42).
variability among persons with similar exposure, about 30- to My colleagues and | first detected aromatic carcinogen—DNA
70-fold for those measured in WBCs by immunoasé2f;27). adducts in breast tumor and non-tumor tissue from a small num-
These findings are consistent with traditional epidemiologic dab@r of breast cancer patients and control subjects who were
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undergoing reduction mammoplas¥3). The method used in view include metabolites of AFBand AFB, adducts, which

this study,>?P-postlabeling with the Pnuclease extraction pro- have been studied in conjunction with liver cancer, and chro-
cedure, detects a variety of aromatic adducts, including PAlrosomal aberrations, which are biomarkers for many cancers,
DNA adducts(44). A subsequent study45), which used the including leukemia where they may be indicative of exposure to
same method, assayed adduct levels in normal tumor-adjadsstizene.

tissues from 87 breast cancer patients and normal tissues from 28ijomarkers related to AFB, and liver cancer. During the
mammoplasty patients and found case subjects to have signifist 30 years, research in experimental animals and humans has
cantly higher adduct levels than control subjects. (Throughatinfirmed that the food-borne mutagen AFB a human hepa-

this review, the term “significant” is used only to refer to statocarcinogen, acting synergistically with HBV. AEB a fungal
tistically significant results.) Neither study controlled for potenmetabolite present in grains and cereals as a result of improper
tial confounding variables. A recent case—control study of 1kJorage. Humans appear to be as sensitive as the most sensitive
breast cancer patients and 108 control subjects with benigfimal species tested to AEduced DNA damagé51). Re-
breast disease, all from the same source population, measuigsich has indicated that a number of biomarkers of the internal
PAH-DNA adduct levels in breast tissue by immunohistocherg; piologically effective dose of AFB (AFB, metabolites,

istry. The method used an antibody that recognizes (+)-anlirp, _albumin adducts, and ARBN’-guanine adducts in urine)
benzoplpyrene diol-epoxide (BPDE)-DNA and structurally réng Hy surface antigen seropositivity are risk markers for liver
lated PAH-DNA adduct¢46,47). After controlling for known ,ner on a population level. In 1992, Ross e(%2) reported

risk factors for' breast cancer and PAH exposure via tobac Oprospective study of 18244 men in Shanghai, the People’s
smokmg and dlet_ary Sources, eleva_lted Iev_els of PAH__DNA ‘Republic of China, among whom there were 22 incident cases of
ducts in breast tissue were associated with a significantly Ner cancer. Analysis of urine samples banked 14 years prior to

creased risk of breast cancer (Rundle A, Tang DL, Hibshoosh : ; :
. . ; agnosis from the case subjects and matched control subjects
Estabrook A, Schnabel F, Perera FP: manuscript submitted Ave relative risks (RRs) of 2.4 (95% confidence interval [€]]

publication). Because PAH-DNA adduct levels in breast tiss -5 9) for any of the AFBmetabolites and 4.9 (95% Gk

reflect both PAH exposure and individual susceptibility to PA 1'P_16'3) for detectable ARBN-guanine adducts. There was a

induced genetic damage, this finding suggests that individu : . ; .
o ; . . ._ s{rong interaction between the serologic marker of HBV infec-
variations in metabolic pathways and DNA repair mechamsrﬁon and the AFB markers: Among individuals with chronic

play an important role in breast cancer risk. Eépaﬂtis infection who were also aflatoxin positive, the RR was

As in lung cancer, the pattern of p53 mutations in brea 0 _
tumors is consistent with a role of PAHS; they are predominan (95% Cl= 6.4-561.8). A subsequent follow-up study of 55

G T transversions, which are induced experimentally by Ba patocellular carcinoma (HCC) case subjects and 267 control

(34,48). PAHs are, however, but one of many classes of CaSl_ijeCtS from the cohort showed that the presence of any urinary

cinogens (including aromatic amines and nitrosamines) in FB, biomarker significantly predicted liver cancer (RR5.0;

50, - _ i 0 _
bacco smoke, polluted air, and other environmental sources, r? 6 Cl = 2.1-11.8), with an RR of 9.1 (95% Gt 2.9-29.2)

7- . . .
the evidence regarding PAH does not rule out a causal role |§feg§tig;esbi?\ﬁze?.f tﬁgﬁwes%%igmoef Sﬁg;rcts. F?B;%r;%r(geztm
these other environmental carcinogens. P y A

Conclusion. Molecular epidemiologic research on lung can@nd HBV seropositivity resulted in a 59.4-fold (95% €116.6—

cer confirmed what was already known about tobacco smokiﬁéz'o) elevation in HCC risk53). The implication for preven-

. . . n is that both reduction in dietary levels of AFRnd wide-
and lung cancer, so it provided no new data on causality. Rathg le HBV vaccination are needed, since the benefits of the latter

the research provided valuable insights into the mechanisms Y not be manifest for many yearés2). (These biomarkers
which tobacco smoke constituents exert their effects. On t €ve subsequently been use?jl z);\/s outco.me Measures in an inter-
other hand, while molecular epidemiologic studies have nog. q y

proved that PAHs and other aromatic compounds cause hunggﬂlfbﬁphgr'aéi\g('ﬁsgi]snal)m'sm'Stosomal drug oltipr&ee below

lung and breast cancers, they have provided new evidence sup: S . o .
porting that hypothesis. To further test the PAH—lung cancer Subsequent studies in Taiwan of incident HCC case subjects

hypothesis, my colleagues and49) have undertaken a neste OIand matched control subjects whose urinary ARietabolites,

case—control study of lung cancer within a prospective cohéArl[: Bl—albumln, and AFB-DNA adduct Ievel_s were measured_
in stored urine samples gave results consistent with the prior

study of more than 22 000 physicians. A large-scale, population- ults from the People’s Republic of Chirfgd). In HBV-

E)Sadc,)ed case—control study on Long Island, NY: is also in progn%rgficted men, the risk of HCC was increased with detectable

AFB,;—albumin and AFB-DNA adduct levels (RR= 10.0;
Providing Definitive Evidence of Causality in a Prospective 95% Cl = 1.6-60.9)(55).
Cohort or Nested Control Design The molecular evidence of a causal role for ARBstrength-
ened by other molecular data. In HCCs worldwide, a correlation
Prospective studies or case—control studies nested withiais been observed between dietary AERposure and a char-
them are able to establish the predictive value of biomarkers &gteristic mutation in the p53 tumor suppressor gene,-alG
avoiding the temporal problem posed by retrospective studiésinsversion at codon 249 (AGG to AG(H6).
that the marker may reflect the disease rather than the risk fac-Chromosomal aberrations and various cancersUnlike
tor(s). But because of their considerable cost and because ¢hecinogen—DNA adducts, chromosomal aberrations are a non-
biologic samples collected therein are so precious and limiteddhemical-specific marker. Combined analyses of data from Nor-
number and quantity, few biomarkers have been definitivetlic and Italian prospective cohort studies involving 3541 sub-
established as predictors of cancer. Biomarkers that have bgsris found that chromosomal aberrations were significant
prospectively associated with the cancers addressed in thispeedictors of cancer. In the Nordic cohort, among subjects with
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high frequencies of chromosomal aberrations, the standardif@atumenting Environment—Susceptibility Interactions and
mortality ratio (SMR) was 1.53 (95% C¥ 1.13-2.05), com- Identifying Populations at Greatest Risk
pared with 2.01 (95% C# 1.35-2.89) in the Italian cohof®7).

In the Italian cohort, cancer predictivity of high chromosom% A goal of prevention research should be to understand expo-

(l?;rre—susceptibility interactions while adhering to sound ethical

i nciples both in the conduct of research and in the communi-

alllcandc?rs.l An ﬁM.R ofds.:g (950|/° Gl: 1"}.9_140'5) Waf] cal- cation of results and conclusions in such a way as to discourage
culated for lymphatic and hematologic malignandi8). Chro- y,qir inadvertent or intentional misug23,65-67) Although re-

mosomal aberrations could theoretically be useful as biomarkg(fis from research on interactions have often been inconclusive
to identify individuals within high-risk populations (e.g., chemiz g even conflicting, molecular epidemiologic studies indicate
cal industry workers) who could benefit from greater _survellhat some subgroups may have heightened susceptibility to en-
lance or chemoprevention. They do not, however, provide clugssnmental exposures.

as to the specific exposure(s) responsible for increased risk ofrpe categories of susceptibility factors that can modulate en-
cancer. - vironmental risks—i.e., genetic predisposition, ethnicity, age,

One remedy to the lack of exposure specificity of chrom@gender, and health and nutritional impairment—have been re-
somal aberrations is the analysis of exposure-specific patternsgigived in detail elsewher23,65,66).With respect to the can-
the aberrations. For example, benzene is a model chemical |@élrs and exposures discussed in this revieW, molecular epide_
kemogen. Specific chromosomal aberrations have been obseryglogic studies have reported a number of interactions between
in both preleukemia and leukemia patients exposed to benzesgosures to tobacco smoke, PAH, AFBr benzene and vari-
as well as in otherwise healthy benzene-exposed wo&is  ous susceptibility factors. These findings illustrate the complexi-
By use of fluorescenin situ hybridization and the polymeraseties of interactions between environmental carcinogens and ge-
chain reaction, Smith and Zhar{§9) found that high occupa- netic and nongenetic susceptibility factors. While susceptibility
tional benzene exposure increased the frequencies of aberratsinthe young has been clearly demonstrated for a number of
in chromosomes 5, 7, 9, 8, and 11, aberrations that are frequertlycinogens, in most cases, the available data must be confirmed
seen in acute myeloid leukemias and in preleukemic myelodyzefore they can be translated into specific risk assessment and
plastic syndrome. prevention measures. The preliminary nature of much of the

Acute lymphocytic leukemia accounts for almost 25% of allvailable data challenges the research community to further de-
childhood canceré60). While more studies are needed, a nuniineate the multiple complex interactions that determine indi-
ber have reported associations between parental exposureidoial cancer risk.
benzene and childhood leukemia, pointing to the importance of The most extensively studied susceptibility factors are the
parental genotoxic exposurés9). Approximately 75% of infant relatively common genetic polymorphisms that determine the
acute leukemias have a reciprocal translocation between chreetabolic fate of carcinogens and the level of DNA damage they
mosome 11923 and one of several partner chromosomes, inclexert. Polymorphisms in certain cytochrome P450 enzymes in-
ing chromosome 4, which creates a fusion of the MLL gene atease the oxidative metabolism of diverse endogenous and ex-
11923 and the AF4 gene at 4q41,62).Providing direct evi- ogenous chemicals to their carcinogenic intermediates, while
dence of a prenatal initiation of pediatric leukemias, the MLLgenetic variants in phase Il (detoxifying) enzymes, such as glu-
AF4 gene fusion sequence has been detected in neonatal bi@tldione Stransferase (GST)N-acetyltransferase (NAT), and
spots of leukemia patients subsequently diagnosed at agespbxide hydrolase, detoxify certain carcinogenic metabolites.
months to 2 year63,64).Translocations involving 11923 haveGenetically determined variation in DNA repair modulates risks
been associated with treatment with chemotherapy agents thain agents that directly or indirectly damage the DNA. There is
are strong inhibitors of topoisomerase Il, an enzyme involved @tlso evidence that risks from tobacco smoke, PAH, pARhd
DNA replication (63). A structural feature common to manybenzene vary with ethnicity, gender, age, and nutritional status.
topoisomerase ll-inhibiting drugs and other chemicals (such @eediscussion and referenceslow)
the benzene metabolite 1,4-benzoquinone) is the quinone moidLung cancer. Two CYP1ALl variants, thevisp polymor-
ety. phism and the closely linked exon 7 polymorphism that results

Conclusion.While it is likely that many biomarkers shown toin an altered protein having valine in place of isoleucine
be promising in cross-sectional or case—control studies will ngle - Val), have been associated with increased risk of lung
survive the test of predictivity within a prospective study, thossancer among smokers in Japanese and a few Caucasian popu-
that do should have great utility in identifying at-risk populakations (68,69). In Caucasian populations, in whom the fre-
tions and individuals and in serving as outcome markers in iguency of the polymorphisms is lower than in the Japanese,
terventions, substituting for clinical manifestations of overt distudies of CYP1Al polymorphisms by themselves have been
ease. Similarly, validated risk biomarkers will be useful as entkrgely nonpositive; however, the WBCs of U.S. smokers with
point markers in risk assessments of environmental carcinogethe, exon 7 mutation had higher levels of PAH-DNA adducts
allowing regulatory and educational interventions in a motéan those of U.S. smokers without the varigf@). PAH-DNA
timely manner than is possible when tumor incidence or maxdduct levels were also elevated in the placenta and cord blood
tality is the sole outcome. of newborns with the CYP1AMsp gene polymorphism, sug-

Of all the biomarkers related to environmental exposures agdsting that it increases risk from transplacental PAH exposure
their biologic effects, chromosomal aberrations are the best vgli1). In lung tissue of adults, adduct levels have been associated
dated as predictors of risk. AEBnetabolites, AFB-albumin, with CYP1Al gene expression and CYP1Al enzyme activity
and AFB—DNA adducts have also been shown to be biomarkgf&). Lung tumors of Japanese smokers with the susceptible
of cancer risk in case—control studies nested within prospecti@¥P1A1 genotype were more likely to have p53 mutations than
studies. those of Japanese patients without the genofypg Variations

aberrations was greater for hematologic malignancies than
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in genes coding for other cytochrome P450 enzymes may aisoreasing DNA damage and subsequent mutation and carcino-
modulate lung cancer risk, although the evidence is less cogenesis by oxygen radicals, PAHs, and other chemical carcino-
pelling (74). gens(92). Heavy smokers with low plasma levels of micronu-
The M1 variant of GST (GSTML1) detoxifies reactive intertrients, such as retinol and the antioxidantocopherol, appear
mediates of PAHs and other carcinogens. The GSTM1 locustés have reduced protection against carcinogen-induced DNA
entirely absent in approximately 50% of Caucasians, and tkiamagg93).In two studieq70,94),these effects were seen only
deletion has been associated quite consistently with increagedsmokers with the GSTM1 null genotype, illustrating the
risk of lung cance(75). The frequencies of PAH-DNA adductsimportance of interactions between multiple susceptibility fac-
and p53 mutations were higher in lung biopsy samples fromors. Sensitivity to mutagens, as measured by bleomycin-
subjects with the GSTM1 null genoty§@6,77). induced chromatid breaks, was also increased in cultured lym-
The importance of combined and interactive effects of mubhocytes of healthy individuals with low plasma levels of
tiple gene variants is illustrated by the observation in Japanes#ioxidants(95).
populations that individuals with both the CYP1A1 exon 7 (Val/ Breast cancer.There have been fewer studies on the role of
Val) and GSTM1 null genotypes have an eightfold (95%=€1 genetic polymorphisms in breast cancer, and no clear patterns
1.74-38.47) higher frequency of p53 gene mutatigt® and a have emerged. An association between the CYPW&f poly-
sixfold (95% Cl = 2.28-13.3) greater risk of lung cancer commorphism and breast cancer risk has been observed in African-
pared with persons with neither genoty(®8,78).Studies of the American women(96). Elevated risk of breast cancer has also
role of CYP1A1 and GST in lung cancer risk in Caucasians hateen noted for smoking at an early age in conjunction with the
yielded inconsistent results, possibly reflecting ethnic diffe€YP1Al1 Msp T - C transition at nucleotide 6235 and the
ences in gene prevalence or linkage. Consistent with the JagaP1A1 exon 7 A- G transition at nucleotide 4889; 2.5% and
nese studies, however, a case—control study of a largely Cauz2% of the cases of breast cancer, respectively, are attributable
sian population showed a doubling of lung cancer risk (95% @ these factorg97). Breast cancer risk was slightly elevated
= 1.0-3.4) in patients heterozygous for the CYPIA4p and with the CYP1A1l exon 7 (lle-Val) polymorphism (OR=
the GSTM1 null genotype$79). In a European study31), 1.61; 95% Cl= 0.94-2.75) and was highest for those women
BPDE-DNA adduct levels in bronchial tissue and WBCs wergho smoked up to 29 pack-years (OR 5.22; 95% CI =
elevated in smokers with both high CYP1A1l activity and.16—23.56)98).
GSTML1 inactivity. The evidence with regard to the effect of GSTM1 alone is
Genetic polymorphisms in genes for DNA repair enzymenflicting; however, the risk of breast cancer has been found to
may also influence lung cancer rigg0—83).Moreover, DNA increase as the number of putative high-risk GST genotypes
repair capacity varies among individuals as a result of enviroimcreased R for trend <.001). The OR was 3.77 (95% &
mental challenges and physiologic fact@gs,85). Compared 1.10-12.88) for a combined genotype of GSTM1 null, GSTT1
with healthy control subjects, patients with lung cancer weralll, and either GSTP1 valine heterozygosity or GSTP1 valine
almost sixfold (odds ratio [OR}= 5.7; 95% Cl= 2.1-15.7) homozygosity(99).As in lung cancer, the GSTs in breast cancer
more likely to have reduced ability to repair DNA damage thahay act through the modulation of DNA damage caused by
was induced by BPDE, the carcinogenic diol-epoxide metaboli®AHs and other substrates. For example, in the previously cited
of BaP (84,86). case—control study of breast cancer, PAH-DNA adduct levels in
Ethnicity also appears to affect lung cancer risk. The highbreast tumor tissue were significantly increased in women with
rates of various smoking-related cancers in blacks may be pdore GSTM1 null genotype (Rundle A, Tang DL, Hibshoosh H,
tially explained by the finding that, in black smokers, urinarfstabrook A, Schnabel F, Perera FP, et al.: manuscript submitted
concentrations of NNK metabolites and serum concentrationsfof publication).
cotinine, a nicotine metabolite, exceeded those in white smokersNAT2 deactivates carcinogenic aromatic amines Ma
(87), although the effect of unmeasured differences in the eaeetylation. Fifty percent to 60% of Caucasians and 30%—40%
posure levels of the subjects cannot be ruled out. of African-Americans have the slow acetylator genotyp@0).
Women appear to be inherently more susceptible than mé&mong postmenopausal women, smoking increased breast can-
on a dose-for-dose basis, to certain lung carcinogens. A number risk only among the women with the slow acetylator NAT2
of epidemiologic studies indicate that women smokers are 1genotype(41). In addition to the CYP1A1 and GST polymor-
fold to threefold more likely to develop lung cancer than malghisms discussed above, genetic variation in estrogen and other
smokers with the same exposui9,88). The level of PAH- receptors that are instrumental in the toxicokinetics of carcino-
DNA adducts and the frequency of G (T : A transversions in gens can strongly influence breast cancer (EkL,102).
p53 were elevated in lung tumors from female smokers com- The effects of metabolic polymorphisms on risk appear to
pared with those from male smokéé9,76,89) Adduct levelsin vary with ethnicity(101). In addition, the observation that the
non-tumor lung tissue were also higher in women than in mepattern of p53 mutations in breast tumors varies between black
and women had a higher ratio of adduct levels to pack-yeamsd white women and also between Japanese and Western
(90). The greater expression of the CYP1A1 gene found in lungomen suggests that these groups differ in their environmental
tissue of female smokers suggests a possible mechanism for éxigosure to carcinogens or in their susceptibility to those expo-
gender difference. In addition, a case—control study of lung casures(35,103).
cer (91) found that the effect of the GSTM1 null genotype on For reviews of other suspected environmental breast carcino-
lung cancer risk was significant among women but not amoiggns and their interactions with susceptibility fact@es (104—
men. 107).
Nutritional deficits resulting in low levels of antioxidants can Liver cancer and leukemia.lncreased risk of AFBinduced
also heighten susceptibility to lung and other carcinogens B\CC has been associated with the GSTM1 null/GSTT1 null
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genotype in conjunction with smoking and drinking, with aiyoung age induces more persistent adducts or that young smok-
apparent interaction between the genotype and low levelseyé are more susceptible to DNA adduct format{88).
certain carotenoid$108). The GSTM1 null genotype and the Conclusion. Molecular epidemiology has provided valuable
low-activity epoxide hydrolase genotype also appear to confeew data on the existence of complex interactions between en-
greater risk of liver cancef109). Furthermore, there is somevironmental exposures and susceptibility factors and has spurred
evidence that a genetic polymorphism in CYP2E1 increases stesearchers to further investigate differences in susceptibility
ceptibility to this diseas€110). among subsets of the population. Neither experimental nor con-
With respect to leukemia, the hepatic cytochrome P450 2Eé&ntional epidemiologic research alone could have done this.
enzyme plays a key role in the activation of benzene to ifdthough considerably more research is needed before risk as-
ultimate hematotoxic and genotoxic benzoquinone metabolitggssors can routinely develop quantitative estimates of the risks
(111). NAD(P)H : quinone oxidoreductase (NQO1) [NAD(P)Hto sensitive subsets posed by specific environmental agents, the
= reduced nicotinamide adenine dinucleotide or reduced nigoformation already obtained has general relevance to risk as-
tinamide adenine dinucleotide phosphate.] and two subclasses&gsment and prevention. For example, government agencies are
GSTs (M1 and T1) are, in contrast, involved in the detoxificalready beginning to require that regulatory policies explicitly
tion of the ultimate benzoquinones and their reactive benzepi@tect children as a susceptible group.
oxide intermediates, respectively9,111).While the exact role
of the GSTs is unclear, a case—control study of occupatio2gveloping New and More Effective Prevention Strategies
benzene poisoning in Shangh@il2) showed that individuals
homozygous for the NQG?° C - A mutation were at a 7.6-fold  Primary prevention: reduction or elimination of expo-
(95% CI = 1.8-31.2) greater risk of poisoning. Benzene posures causally related to cancerPrimary prevention encom-
soning was linked to risk of preleukemia and leukemia. Thepasses a spectrum of measures that include avoidance of expo-
retically, individuals with high activities of cytochrome P45Gure, prevention of carcinogen activation after it has entered the
2E1 and homozygous mutations in the NQO1, GSTT1, amady, blocking interactions with the genome, and suppressing
GSTML1 genes would be at highest risk of benzene hematotaite propagation of premalignant chand@s Examples of mo-
icity (59), but this inference has not been demonstrated. lecular epidemiologic studies that have documented the benefits
A special case: susceptibility of the fetus and young child of reduction of exposure include a study of 400 smokers enrolled
to all cancers.Compared with exposures occurring in adult lifein a smoking cessation program. Blood samples were drawn
exposuresn uteroand in the early years can disproportionatelfrom the participants before they began the program and then at
increase the risks of many types of cancer later in(life3—115). multiple time points after smoking cessation. Forty of the 400
Experimental and epidemiologic data indicate that, becausesofiokers were successful at quitting. (Compliance was verified
differential exposure or physiologic immaturity, infants and chilby assaying cotinine levels in blood.) Levels of other biomark-
dren experience greater risks than adults from a variety of esrs, PAH-DNA and 4-ABP—hemoglobin adducts, reflected ces-
vironmental toxicants, including PAHSs, nitrosamines, pesticidesation; by 8 weeks after quitting, their concentrations were sig-
tobacco smoke, air pollution, and radiation. The underlyingficantly reduced119). Similarly, following a reduction in air
mechanisms may include increased exposure to toxicartsncentrations of PAHs in a Finnish iron foundry, both PAH—
greater absorption or retention of toxicants, reduced detoxifidNA and aromatic-DNA adduct levels in workers’ blood
tion and DNA repair, the higher rate of cell proliferation duringgamples declined significantl{120).
early stages of development, or the fact that cancers initiated inPrimary prevention measures for ARBelated liver cancer
the womb and in the early years have the opportunity to develmglude the reduction of mold growth in harvested crops and the
over many decades. modulation of the metabolism of AFBo enhance detoxification
Molecular epidemiologic studies indicate that babies in th{@21). A study in rats(122) showed that oltipraz significantly
womb and young children exposed to tobacco smoke or PAksvered AFB—albumin adduct levels and tumor incidence. Al-
experience a higher internal dose of toxicants or greater gendtienin adducts were significantly associated with risk of HCC
damage than adults who are similarly exposed. In cord blood@iferall but not within experimental treatment groups, suggesting
newborns at delivery, levels of cotinine and PAH-DNA adductiat adduct levels could be useful in monitoring intervention on
were higher (by 70% and 30%, respectively) than in the moth-population level but would have limited utility in identifying
ers’ blood, also sampled at delivef¥16). Although the differ- individuals destined to develop HC(22). A randomized,
ence in adduct levels was not statistically significant, this findinghase lla, placebo-controlled intervention t(i&23)in Qidong,
suggests that the fetus has at least a 10-fold higher sensitivityiie People’s Republic of China, then used biomarkers to assess
genetic damage than the mother, since PAH exposure to thieether oltipraz can reduce the risk of liver cancer. Measure-
fetus is estimated to be about 10% of that to the mother.  ment of levels of urinary AFBmetabolites, used as end points
Adolescence and young adulthood are also viewed as sewsiefficacy, showed that intermittent, high-dose oltipraz inhib-
tive stages of life because of greater proliferative activity iited phase | activation of AFB while sustained, low-dose olti-
epithelial cells of certain tissues, as seen in radiation-inducphz increased phase Il conjugation and detoxification of the
breast cancgl17).Initiation of smoking at an early age conferscarcinogen121,124) A phase llb trial with oltipraz is ongoing.
a higher risk of lung, bladder, and (possibly) breast cancersBased in part on data supporting a role of antioxidants in
(118).Breast cancer risk associated with the NAT2 slow acetgenetic damage in smoke{80,94),a randomized clinical trial
lator genotype was higher in women who began smoking undsrvitamins C and E93) is measuring PAH-DNA adduct levels
the age of 16 year¢41). In addition, aromatic-DNA adduct as an intermediate marker of the efficacy of chemoprevention.
levels were highest in lung tissue of former smokers who h&imilarly, the role of retinoids in the chemoprevention of lung
smoked during adolescence, suggesting either that smoking atacer is being tested by use of intermediate end-point markers
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(125).[For a review of other chemoprevention studies with bicsion, cell cycle control, differentiation, and cancer progression
markers,see (126]. (131).

In addition, biomarker assessment may be useful in primary Effectively linking molecular epidemiology to risk assess-
prevention by providing motivational feedback to persons coment and health policy formulation will, in most cases, require
templating or enrolled in smoking cessation programs or undedditional research to confirm and to further elucidate many of
going lifestyle changes, such as dietary modificatiothe reported interactions between specific environmental expo-
(33,127,128)Biomarkers can also be used to monitor the besures and susceptibility factors (e.g., gene—environment, gene—
efits of regulations and other policies aimed at reducing expgene—environment, and gene—nutrition—environment interac-
sure of workers and the general population to pollutants. Thiens). But the current data, taken together, have bearing on
significant decline registered in blood lead levels nationwidendamental principles of risk assessment. For example, up to
following banning of lead-soldered cans and removal of ledde present time, risk assessments by agencies such as the U.S.
from gasoline is a good example of this type of monitoring arfénvironmental Protection Agency (EPA) have assumed that the
testifies to the success of the regulatighg9). population is biologically homogeneous in response to carcino-

Conclusion. Research demonstrates that biomarkers cgens. This default assumption can lead to underestimates of risk
measure the efficacy of exposure reduction and that clinidal the population and to sensitive subgroups, leading to stan-
trials using biomarker levels as end points have the potential ftards and policies that are not adequately health protective or
making big gains in terms of immediate prevention. Both typesjuitable(132,133).
of efficacy monitoring are more efficient and provide more im- The theoretical importance of focusing intervention strategies
mediate results than conventional approaches that rely solely(oegulations, public education programs, health surveillance, be-
clinical end points, such as a diagnosis of cancer. havior modification, and chemoprevention programs) on the

subgroups at greatest risk as a result of genetic or acquired

susceptibility(134,135)is illustrated in Fig. 1 [based ofi36).
PROGRESS IN RISk ASSESSMENT AND PUBLIC The figure illustrates that, while the distribution of susceptibil-
HEALTH PoLicy ity/risk is symmetrical on a log scale, it is right-skewed on a

linear scale so that, for a hypothetical carcinogen with a linear

Molecular epidemiology has advanced prevention by identbw dose-response curve, the estimated risk would be 38-fold
fying carcinogenic hazards, providing definitive etiologic datareater for a population of individuals with 9%ercentile sen-
furthering our understanding of individual susceptibility to ersitivity than for one of median-sensitive individuals. (Although
vironmental carcinogens, and facilitating clinical trials. Molecuthe numbers shown in Fig. 1 are the upper 95% confidence limit
lar epidemiology has not yet led to broad policy changes @ risk with respect to uncertainty, the estimated increase in risk
prevent or to reduce exposure to carcinogens, but it has pointedindividuals with 99-percentile sensitivity is similar if the
the way. arithmetic mean estimates of risk with respect to uncertainty are

What policy changes are indicated? The data on genetic sused.) Sensitivity due to genetic and nutritional factors can be
ceptibility do not support a policy of large-scale individuatompounded in the case of certain groups (e.g., children) who
screening, since many different common polymorphisms amould be expected to have both more exposure and greater
likely to be involved in individual risk of cance3). The data age-related susceptibility to certain carcinogens.
on the interactions between environment and susceptibility haveScientists and policy makers now widely agree that the new
underscored the importance of preventing prolonged exposuneslecular epidemiologic and other data invalidate the assump-
to genotoxic carcinogens, even at low levels, since they ction of population homogeneitf132,135,137,138and suggest
result in DNA damage that begins at a very early age, even in th@t assessment of risk from pesticides and the many industrial
womb, and accumulates over a lifetinf@4,130).In principle, chemicals in air, water, and household products should address
the same concern about prolonged exposure beginning atbath the range of risk across the population and risks to specific
early age applies to carcinogens that cause aberrant gene explifferentially susceptible populations. Such groups might in-

Prevention
Fig. 1. The theoretical distribution of cancer susceptibility ang _ .
risk across a population that is heterogeneous with respect|to Research ————>> Risk Assessment ————> Intervention
sensitivity to a hypothetical nonthreshold carcinogen [based
(136). The x-axis represents the percentile of sensitivity; thg
y-axis represents the number of individudsimbers in paren- —
thesesare the estimated cancer risk for a population of individu
als at the indicated percentile of sensitivity. They are derived Ry
use of a Monte Carlo simulation using data on observed human
variability in metabolic activation, detoxification, and DNA re- (3.8x10°)
pair, as well as uncertainty in cancer potencies for a set of ge-
netically acting carcinogens. The numbers shown are the upger J
95% confidence limit of risk with respect to uncertainBanel | i
[a] shows the distribution on a log scaleanel [b] shows the (meanjmedian) edian) (mean)

same distribution on a linear scale. 50th 85th 50th S5th  95th

=}

(1.0x10%) (1.0x10%)
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VS.
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clude children, genetically susceptible subgroups, one or mdogue between scientists, policy makers, and stakeholders (com-
ethnic group, or one gender, for which the demographics shoutdinity and public-interest organizations, grass-roots groups, in-
be presented and considered in the risk assessment. dustry, and other constituencies).
Even when currently available data support differential ris
assessment, progress has been slow. For example, the F‘%g CLUSION
Quality Protection Act of 1996 requires that, in setting standards The examples of the association of tobacco smoke and PAHs
for pesticides, the EPA must consider the special sensitivity wfth lung and breast cancers, AERith liver cancer, and ben-
children to these agents, but few standards have been serdne with leukemia indicate that molecular epidemiology has
implement this policy with respect to the most hazardous careilready contributed to prevention by providing new evidence
nogenic pesticides, such as atrazine. Policies and regulations that specific environmental agents pose human carcinogenic
would truly protect those who are likely to bear a disproportioftazards, helping to establish their causal role, identifying subsets
ate risk would reduce both the incidence and burden of canoérthe population at special risk, and using this information to
and would promote environmental justi¢E33). provide new and more effective strategies to reduce risk. What
Considering differential susceptibility in risk assessment is now needed is timely translation of existing data into risk
easiest when comprehensive data exist for a specific carcinogessessment and public health policy as well as focused research
but that is the exceptional case. When this kind of informationts fill gaps in scientific knowledge.
unavailable, existing data on related compounds and susceptibléeeting these goals requires an infrastructure to promote a
subgroups could be used to develop science-based, default stifslogue among scientists, policy makers, and other stakeholders
dards that reflect the current understanding of individual va@nd a major investment in the second generation of molecular
ability. The default standards could be applied generically or &pidemiologic research, including large-scale, collaborative studies

various classes of carcinogens. incorporating validated biomarkers and automated technologies.
Understanding risks to children is a research prio(it37).
OBSTACLES TO PROGRESS AND FUTURE NEEDS Prevention of only 20% of cancer in the United States alone

A number of obstacles impede the proaress of moIecuIWPUId result in 200 000 fewer new cases diagnosed annually and
P _prog 3savings in attendant financial costs of $21.4 billion (estimates
5 1999)(13). Based on the progress so far, it is reasonable to

ox g : ; , ;
S ) ; : X xpect that investment in molecular epidemiologic research
priorities for prevention, particularly for children’s heal(th38). shguld pay off within the next 5 yearspwith can?;er policies

The need for b?s.lc carcmo_genlcny t.e:‘stlng of thg 70000 .Che.r%'énducive to prevention.

cals in the EPA’s inventory is urgent: “Until more information is

available, it is difficult to assess the possible role of these cherMEFERENCES

Ca!s n C,,h"dhOOd cancer and to take steps to reduce exposure E% Perera FP, Weinstein IB. Molecular epidemiology and carcinogen-DNA

Ch"dren_ (1,38)' L . adduct detection: new approaches to studies of human cancer causation. J
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