seminars in

CANCER BIOLOGY

ELSEVIER Seminars in Cancer Biology 14 (2004) 449452

www.elsevier.com/locate/semcancer

Modern criteria to determine the etiology of human carcinogens

Brooke T. Mossmaf*, George Klei?, Harald zur Hauseh

a Department of Pathology, University of Vermont College of Medicine, 215 HSRF, 89 Beaumont Ave., Burlington, VT 05405, USA
b Microbiology and Tumor Biology Center, Karolinska Institute, Nobelsvag 16, Stockholm S17177, Sweden
¢ Deutsches Krebsforschungszentrum, Im Neuenheimer Feld 280, Heidelberg, Germany

Abstract

Rapid identification of human carcinogens before their dissemination into society, and exposure of worker and lay populations is an
important goal of cancer research. Retroactively, verification of in-place human carcinogens is also required to target their removal, and other
preventive and therapeutic strategies. The hierarchy of methods used historically for evaluation of carcinogenic potential is epidemiology
> animal bioassays > mechanistic studies, and the focus has been on single agents that are genotoxic.

However, mechanistic research has revealed several obligatory steps in carcinogenesis, tumor promotion, and progression that can
now be used in screening studies with human cells in vitro and animal bioassays. These approaches should be combined with molecular
epidemiology and molecular pathology to identify human carcinogens with more emphasis on evaluating combinations of suspect agents
and mechanisms of action of epigenetic carcinogens.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction The most notorious example of a complex human carcino-
gen, which was not identified until well after widespread
Of the many needs in cancer research, the identification exposure occurred, is ‘asbestos’, a family of chemically and
of putative human carcinogens and their inactivation or re- physically diverse, naturally occurring fibers that have been
moval from society is an important priority for prevention mined and used industrially for most of the 20th cenfaiy
of future cancer risks. Although individual human carcino- Certain types of asbestos fibers with different pathogenic
gens have been classified historically based primarily upon potential, i.e. the amphiboles versus serpentine chrysotile,
their carcinogenicity alone and the results of epidemiology, occur in different geographic areas and/or in association
animal, and mechanistic studies, scientific research overwith other types of fibers or co-carcinogej®§. Although
the past several decades has illustrated that agents othethe association of amphibole asbestos with the development
than classic initiators and/or genotoxic agents can act asof mesothelioma was first made in 1960 by Wagner and
co-carcinogens and substances which enhance the processeslleagues in South Afric3], the rare occurrence of this
of tumor promotion, progression, and angiogenesis. Thesetumor in the US and other countries went unnoticed until
observations indicate the importance of mechanistic studiesthe development of modern diagnostic pathology and miner-
and evaluating interactions between agents in establishingalogic techniques for identification of asbestos fibers in the
their etiologies. In addition, analyses of individual agents lung and pleura. The fact that asbestos and smoking were
may be misleading and insensitive if they cause tumors co-factors in lung cancer was recognized almost a decade
in small numbers of the human population or only in cer- later in a US cohort, but mechanistic studies at the time
tain subgroups of individuals at high risk because of their showed that asbestos failed to act as a genotoxic agentin lung
genetic background or undefined environmental factors, epithelial cells (reviewed ifi2]). The role of asbestos as a
including diet or exposure to co-carcinogens. co-carcinogen, increasing the intracellular delivery of biore-
active polycyclic aromatic hydrocarbons (PAH4), as well
as a tumor promoter that causes hyperplasia and sgamous
. metaplasia of airway epitheliufd] confirmed that this ubig-
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E-mail addresses: Brooke.Mossman@uvm.edu (B.T. Mossman), UItQUS qarCmern he_ld mul_tlple roles in Canc_er causation.
georg.klein@mtc.ki.se (G. Klein), zurhausen@dkfz-heidelberg.de (H. zur EPiIdemiologic detection of increased cancer risks was fur-
Hausen). ther complicated by the fact that the average latency periods
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of asbestos-associated lung cancers and mesotheliomas (>3&ppeared to be related to the unique physiology of the rat
years) are extremely protract@g]. With billions of tons of urinary system and were only found when concentrations of
asbestos in place in buildings, the removal of asbestos hassaccharin in the rat diet were 3% or higher, a situation not
been an arduous and expensive task, and the overall impacplausible in humans.
of this carcinogen has been devastating worldwide. Although  Although mechanistic data have been considered impor-
scientists have been prudent in educating the public abouttant in supporting or weakening observations from epidemi-
the cancer risks and best policies for removal of asbestos inologic and animal studies, modern mechanistic studies have
the last decaddg], it would have been desirable to identify identified many of the precursor and critical events in estab-
the carcinogenicity of asbestos before its widespread use inlishment of human cancers. Experiments using human and
industry and exposure of the general population. animal cells comparatively have been valuable in establish-
In this chapter, we review the current criteria for identifi- ing which of these criteria are relevant to the establishment
cation of human carcinogens and the development of mod-and maintenance of human neoplasms. Thus, it should be
ern approaches for their more effective and rapid screening.possible theoretically to identify or target carcinogens re-
Our chapter largely synthesizes the recent conclusions fromvealed by mechanistic studies as playing a role in tumor de-
a panel of experts in the field at a recent workshop designedvelopment in man, either alone or by interacting with other
to evaluate relevant and “state of the art” criteria to establish agents. Clearly, a human carcinogen as currently defined in-
the etiology of human carcinogefig]. duces cancer, but the challenge is to also identify agents that
play a role in tumor development or invasion by interacting
with the complex internal mileau. Ideally, epidemiologic ev-
2. Criteria for classification of human carcinogens idence, experimental evidence in animals, and mechanistic
should incorporate mechanistic information studies should reinforce each other in defining a human car-
cinogen, regardless of its potential multiplicity of roles in
The several agencies with published criteria for the iden- human carcinogenesis.
tification of human carcinogens have similar approaches for
evaluation, including review of epidemiologic studies, ex-
perimental studies in animals, and more recently, incorpora- 3. Challenges and rewards
tion of other relevant data on carcinogenic mechanisms (see
Chapter 1). All these approaches have some limitations, but There are several landmark mechanistic studies that have
the “gold standard” is usually epidemiology, which clearly defined obligatory events in the development of cancer, in-
finds associations, but cannot establish causality. Epidemi-cluding the inactivation of both Rb and p53 pathways. There
ology, which classically has defined associations betweenare also numerous genetic markers and new “cancer genes
workplace concentrations of carcinogens as opposed to(and tumor suppressor genes) being identified on a regu-
lower levels that may be more relevant to societal exposures,lar basis. These may be globally important or reflective of
is also relatively insensitive for these and other reasons, species, cell type, or tissue-specific cancers. It is not unrea-
including its inability to delineate complex confounding sonable to expect that there might also be several “cancer
variables. Animal bioassays are complementary to epidemi- susceptibility genes” or genes intrinsic to genetic instability
ology in that they can control for confounding factors (if that will be identified in the future. If this long “wish list”
known), exposure routes, and dose-response concentrationsan be functionally reduced to key genes or genetic changes
of agents. However, species variables may exist, and somecritical to human carcinogenesis, they can be used as pre-
concerns have been expressed in that false-negatives andictive biomarkers of prevention in human populations.
false-positives have been found when data are compared Additional challenges in molecular epidemiologic stud-
to humans. This conundrum can be addressed, in part, byies, which have already successfully used DNA adducts, and
mechanistic studies and demonstration that the mechanisnmutated genes and proteins as markers of exposure in hu-
is likely to occur in humans. man populations, are to sort out other critical co-factors that
Excellent examples of the guidance of mechanistic in- contribute causally to cancer risk, especially since multiple
formation in reinforcing or negating the results of animal chemical exposures and gene and virus—environmental in-
bioassays and epidemiology include the results of studiesteractions probably exist in susceptible human populations.
on dioxin and saccharin, respectively. In the case of dioxin, Moreover, epigenetic alterations and mechanisms of action
a multi-site carcinogen in animal studies, mechanistic work of epigenetic carcinogens that play a role in the develop-
revealed that the chemical acted through the Ah receptor,ment of human cancer, i.e. via dysregulation of methylation,
which is highly conserved in evolution and functions simi- genomic imprinting, etc., demand further attention in assays
larly in humans and mammals. Moreover, the concentrationsthat will reveal and categorize these agents. For example,
of dioxin causing cancer in rats were similar to those in heav- viral infections can be considered as epigenetic effects in
ily exposed human populations in which increases occurred some cancers.
in cancer risk. On the other hand, testing of saccharin in rats Defining a human carcinogen also presents the additional
revealed the development of urinary bladder cancer which problems of individual heterogeneity in response to geno-
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toxic carcinogens and epigenetic factors, including differ- its genome in every cancer cell; (2) excision of its nucleic
ences in DNA repair and metabolism of carcinogens, dietary acid from a transfected or cancer cell harboring its DNA or
factors, and life styles. These additional variables may be dif- RNA; (3) demonstration that inhibition of the function of
ficult to mimic in mechanistic and animal studies, and make its nucleic acid, i.e. use of RNA interference or antisense
individual risk factors impossible to resolve in many epi- technology, leads to a reversion of an immortalized or ma-
demiologic studies. However, understanding the pathways oflignant phenotype in infected cells; and (4) transfection of
these variables, i.e. metabolic profiles, etc., and their speciedts nucleic acid into cells in culture or laboratory animals
or individual differences may facilitate the development of results in cell immortalization or tumor development, re-
rapid and accurate methodology for genotyping and pheno-spectively. In the definition of an “indirect carcinogen”, clin-
typing individuals for relative susceptibility to some cancers. ical/epidemiologic observations and animal/in vitro studies
One area that this may be applied successfully to is individ- should point to the role of the agent as a co-carcinogenic
ual susceptibility to tobacco-induced cancer, of which there factor. Regardless, epidemiologic studies should contribute
is a constantly increasing data base on variants of genes into the observations that agents are major risk factors or
volved in carcinogen metabolism and DNA repair, etc. Since co-factors in human cancer risk, and in vitro evidence alone
there are thousands of potential carcinogens and co-factorshould not be considered proof of carcinogenicity.
influencing human carcinogenesis, the development of sin-
gle, rapid, and predictive in vitro tests for human carcinogens 4.2. If we can define the genetic/epigenetic changes that
or susceptibility is daunting and unlikely. However, tests for occur in cancer, how can this information be used to
agents inducing DNA mutations (the Ame’s test, etc.) and identify human carcinogens causing these phenomena?
the elucidation of key steps in the processes of tumor pro-
motion, progression, and metastases may someday yield a Although the genetic/epigenetic changes that occur in
battery of parameters that can be exploited in the identifica- some human cancers have been characterized using modern
tion and classification of human carcinogens. The “omics” molecular pathology, this information is incomplete. Work
revolution will undoubtedly aid in defining these strategies thus far suggests that the genetic and epigenetic changes
and lead to a better definition of biomarkers of exposure to caused by chemical carcinogens are not specific. For ex-
carcinogens while defining the critical processes more com-ample, we cannot link the majority of carcinogens to a
pletely. specific genetic alteration. Moreover, the same carcinogen
may induce multiple genetic alterations in a cell-type or
tissue-specific fashion. Clearly, more research on expression
4, Critical questions and recommendations and activation of cancer genes is needed to develop a panel
of genetic markers for cancer as well as documentation of
Key important questions and suggestions to improve upon their presence in premalignant tissues. A strictly genetic tu-
the current criteria for the validation of a human carcinogen mor progression model is unproven in human cancers, em-

are presented below. phasizing the need for information as well on epigenetic
changes in the development of individual cancers and in re-

4.1. Should the criteria for classification of a human sponse to specific exposures to carcinogens.

carcinogen be the same for different carcinogenic agents Knowing that a given agent alters key cellular mechanisms

(i.e. viruses, chemicals, etc.)? required for carcinogenesis, i.e. inactivation of Rb/p53, acti-

vation ofras, telomerase, invasion, and metastasis in human

One might argue that the current critera (epidemiology, cells, together with positive data from animal studies affect-
animal bioassays, and mechanistic studies in a supportiveing the same target organ, should be considered as a strong
role) should remain unaltered because we lack evidenceinference that the agent is a human carcinogen.
currently to support a more accurate classification schema.
Modern epidemiologic studies that now depend upon ge- 4.3. What are the promising developments and potential
netic, biochemical, and molecular techniques not available for using in vitro studies with animal bioassays to identify
when the Hill's criteria to identify environmental carcino- human carcinogens?
gens were advocated in the 1970s, will continue to improve
the accuracy of classification of different types of carcino-  With the new technology available to culture differenti-
gens in general via increased sensitivity and precision (seeated human cells for prolonged periods of time and knowl-
Chapter 2). However, more attention should be given to clas-edge of critical mechanisms of carcinogenesis, including
sification of biological agents, such as viruses, based uponmutational spectra, in vitro studies can be used for initial
their disparate mechanisms of action. One suggestion isscreening of human carcinogens. It is critical that potential
that biologic carcinogens, i.e. microbial agents and viruses, carcinogens be evaluated in human cells of the specific target
might be classified as “direct carcinogens” versus “indirect organ, where tumors of similar histotypes develop in animal
carcinogens”. The former could be classified based upon:bioassays or man. Moreover, it is important to demonstrate
(1) demonstration of the regular presence of part or all of that similar patterns of metabolism or uptake of carcinogens
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occur in vitro and in vivo. Concentrations relevant to hu- bioassays and modern epidemiologic approaches. Although

man exposures are difficult parameters to validate in in vitro more research is necessary, especially to define pathways of

studies, but dose-response studies with suspect agents cagpigenetic carcinogens in cancer development, the rules for

be performed less expensively and may be informative. classifying many human carcinogens are being continually
Several advances might increase the predictive value of inembellished by sound mechanistic science.

vitro studies and their overall utility. Based on mechanistic

studies, we can now extend and embellish upon the current
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