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Iitroduction 

A)Out 10% of incident breast cancer can be attributed to hereditary factors, and a further 
15% can be accounted for by a complex mix of life history factors widely interpreted as 
representing endogenous hormone production. This leaves the great majority of breast cancer 
unaccounted for. It is assumed that environmental exposures are involved in breast 
carcinogenesis, and strong evidence for the effect of radiation has been presented. Total 
genotoxic exposure, especially the contributions of the countless chemicals in the environment, 
are impossible to calculate based on the agents themselves. Such exposure monitoring also does 
not integrate the individual response to genotoxic exposure that modulates its effect on processes 
such as carcinogenesis. Ataxia telangiectasia (AT) is a human hereditary disease characterized 
by increased susceptibility to the genotoxic and cytotoxic effects of ionizing radiation. AT 
patients often exhibit an increased frequency of chromosome aberrations in their lymphocytes, 
particularly chromosome aberrations caused by illegitimate VDJ recombination, i.e., 
translocations caused by the splicing together of genes that normally undergo VDJ 
recombination during the development of the immune system. We have proposed that 
quantitation of such aberrations in the blood of newly diagnosed breast cancer patients could 
determine whether ionizing radiation exposure and sensitivity plays a role in the development of 
"sporadic" breast cancer. The current project is designed to provide pilot data on this hypothesis 
with retrospective data on 50 breast cancer patients, along with suitable controls for comparison. 

B)dy 

Hsk factors for the development of breast cancer remain largely unknown, however, several 
clear elements have emerged: family history of breast cancer, metabolic factors related to 
hormone production, and exposure to X irradiation (1,2). It has been suggested that breast 
cancer incidence is also influenced by the accumulation of man-made chemicals in the 
environment. Two types of environmental chemicals have been implicated; those that mimic 
hormonal effects, known as "xenoestrogens", and those that mimic the DNA-damaging effects of 
X irradiation, or "genotoxicants". We hypothesize that breast cancer incidence should be a 
product of both the total cumulative exposure to genotoxic agents, including but not limited to X- 
rays, as modified by differences in individual response to this exposure as mediated by factors 
such as metabolic detoxification (or activation) and DNA repair capacity. 

Although there is bound to be some element of tissue specificity for both genotoxic exposure 
and susceptibility to DNA damage, it is impractical to monitor somatic mutation in breast tissue 
itself Blood, however, and its progenitor tissue bone marrow, are present throughout the body, 
and most xenobiotic exposures to the breast are likely to be transported to the breast tissue 
through the blood (3). Moreover, blood also carries B and T lymphocytes, components of the 
bodily immune system that uniquely splice the DNA of their T-cell receptor or immunoglobulin 
genes into unique patterns. Thus, these cells are able to manifest genetic damage occurring via 
illegitimate V(D)J recombination (4), a mutagenic process that is characteristic of loss of double 
strand break DNA repair, such as is characteristic of the cancer-prone syndrome AT. The 
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BRCAl and BRCA2 breast cancer predisposition genes have also been implicated in this type of 
repair, so may also have an intrinsic susceptibility to these types of mutations (5). 

Qir major accomplishment of 2001 was the creation of a new IRB protocol acceptable to 
both our local committee and to the DOD. This was accompUshed by nesting the current pilot 
project within a larger study (DAMD17-00-1-0409) with a pair of more generalizable 
biomarkers: somatic mutation at the GPA locus in erythrocytes and the HPRT locus in 
erythrocytes. The combined study will provide information on the possible influences of 
ionizing radiation exposure and susceptibility on the frequency and spectrum of somatic 
mutation. IRB approval for the larger study was granted May 23, 2002, and the revised protocol 
including analysis of VDJ recombination was approved by the IRB of Magee-Womens Hospital 
on October 28, 2002. Accumulation of patient samples through this larger protocol was 
significantly delayed by the addititon of new HIP A A regulations, but is ongoing and should 
eventually provide more than the original 50 patients requested for the pilot study. We have 
taken the opportunity to develop a pair of complementary molecular assays that will better 
characterize the specificity of the illegitimate VDJ recombination occurring in our patients. 

Key Research Accomplishments 

o   We have completed an IRB protocol acceptable to both our local (Magee-Womens 
Hospital) committee and the DOD. 

o   We have established that our route to patient sampling is and remains viable, and have 
begun to accumulate patient and control DNA samples for analysis. 

o   We have established that our assay technologies are still workable and can be passed on 
to new workers in the lab. 

o   We have identified a new source of samples from AT patients (positive controls for the 
VDJ recombination assay) and entered into a collaboration with Dr. Blanche Alter of the 
NCI. 

o   We have extended the analysis from the original translocation site to two more recurrent 
translocations in AT that suggest different degrees of specificity with respect to the 
translocation signal. 

Reportable Outcomes 

As the work is pending, all reportable outcomes are still in the future. The original 
biomarker proposed for this study was based on PCR amplification of a novel product across a 
characteristic recurrent translocation found in AT patients (6,7), but also inducible by 
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environmental exposures (8). We generated the primers necessary for this analysis, then found 
that the cell line reported to carry this translocation (6,9) was unstable and had been lost. We 
were unable to demonstrate the expected translocation amplification product in a number of AT- 
derived cell lines from the Coriell Cell Repository, but have arranged a collaboration with Dr. 
Blanche Alter of the NCI to obtain fresh blood samples from AT patients. 

We have also developed two other PCR-based assays for illegitimate VDJ recombination. 
Whereas the inv(7) chromosomal marker involves the splicing together of two immune function 
genes, thus utilizing bona fide splicing signals albeit incorrectly, these new markers involve 
splicing at one, or both, cryptic signals elsewhere in the genome. 

The first new marker is based on a t(14;18) chromosomal translocation found in 
approximately 85% of foUicular lymphomas by both cytogenetic and molecular analyses (10,11). 
This rearrangement deregulates expression of the BCL-2 oncogene by juxtaposition into the Ig 
heavy chain locus by illegitimate V(D)J recombination (12). A sensitive PCR-based assay has 
been developed for the detection of this translocation in peripheral blood lymphocytes, and has 
demonstrated that the t(14;18) can be detected at low levels in almost all healthy individuals 
(13,14). 

The second new marker is based on a characteristic deletion of exons 2 and 3 in the X-linked 
HPRT gene that is also mediated by illegitimate V(D)J recombination. This deletion was first 
discovered in cord blood lymphocytes (15) and was subsequently found in adults (16). A 
quantitative PCR assay was developed to measure the frequency of this deletion in peripheral 
blood cells of humans, where it was found to range from < 1.3 X 10'^ to 4.1 X 10"^ (14,17). This 
illustrates another benefit of adding these two markers to the study; these studies have developed 
a means of deriving mutant frequencies from these biomarkers instead of just the semi- 
quantitative method used with the original marker (8). This second marker is also part of the 
molecular analysis of the mutations contributing to the HPRT mutation frequency assay, one of 
the two main assays in the larger study. 

This larger study consists of the application of the GPA and HPRT somatic mutation assays 
on 200 newly diagnosed breast cancer patients and controls. Preliminary data (18; included in 
the Appendix) suggests that breast cancer patients have significantly higher burdens of somatic 
mutation in their bone marrow, but it is unclear whether this is due to genotoxic exposures or 
genetic susceptibility (or both). The addition of these PCR-based biomarkers for illegitimate 
VDJ recombination to this study will begin to address this question by providing an independent 
measure of double-strand break damage and repair. The application of the VDJ biomarkers will 
also be enhanced by the context of the greater study, in that traditional risk factors, including 
family cancer incidence, lifestyle factors associated with estrogen exposure and some 
environmental exposures are collected. In addition, with the expertise and resources developed 
under the present grant, we will be able to go beyond the initial pilot study of 50 patients if the 
results warrant it. 

Thus, our eventual reportable outcomes should provide confirmation that exposure 
biomarkers are associated with breast cancer, and how they are modulated by genetic 
susceptibility, specifically to DNA double-strand breaks. We should be able to demonstrate how 
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our exposure biomarkers interact with the known predictive factors of family history and Ufe 
history of estrogen exposure. Finally, we will be able to determine whether a specific type of 
exposure, ionizing radiation and chemical mimics of its chromosome breaking effects, is 
implicated in breast carcinogenesis in an unselected general patient population, which could then 
allow for the development of preventive, anti-cancer agents, and, perhaps, allow for the further 
individualization of cancer chemotherapy. 

Q)nclusions 

Our somatic mutation data (18, and unpublished) suggest that environmental exposure is a 
powerful factor in the development of breast cancer, but that it has too many individual 
contributors to monitor a single genotoxic agent. A particular type of damage implicated from 
risk analysis is exposure to ionizing radiation. The current study will allow for the quantitative 
monitoring of ionizing radiation-like DNA damage and susceptibility, within the context of a 
larger study with less specific mutational biomarkers. With IRB and HIPAA concerns behind us, 
we are ready to get to the job of confirming and extyending our initial studies with regard to 
delineating the differences between those who develop breast cancer at a certain age, and those 
who do not. 
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Molecular Epidemiology of Human Cancer: 
Biomarkers of Genotoxic Exposure and Susceptibility 

Stephen G. Grant 

The new field of molecular epidemiology investigates the link between toxic 
exposure and an associated health efifect by defining presumptive intermediate 
stages in the development of the disease based on known mechanisms. In the 
development of malignancy, these steps may involve exposure to known 
mutagens and carcinogens, intemalization and potential metabolism of a chem- 
ical agent, characterization of the interaction of the agent at its site of action 
(usually DNA), characterization of induced preneoplastic changes, and, in cer- 
tain instances, early detection of the cancer itself. These processes can be moni- 
tored through biomarkers specific to each of the steps in the progression toward 
disease using any of the host of applicable techniques now available. An over- 
view of such techniques is presented, with emphasis on techniques offering 
insight into the malignant process. Evidence is presented suggesting that 
although there are many potential contributing mechanisms to cardnogenesis, 
mutagenesis remains the dominant driving force behind the process. Several 
methods of monitoring mutation have shown promise as predictors of cancer 
incidence. These methods might also be used as monitors of agents designed to 
intervene in the process to prevent the development of overt disease. 

KEYWORDS: genetic toxicology, carcinogenesis, mutagenesis, GPA, HPRT, 
DNA repair, mutagen sensitivity 

Introduction 

It has become fashionable to place the word molecular 
before the name of a classical field of scientific research 
and consider it reinvented. This often happens in the 
absence of what the word means in this context and 
how this refined and redefined field truly differs from 
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its progenitor. In the case of molecular toxicology, 
there has been a real shift firom the traditional activity 
of testing chemical toxicity in model systems tolstud- 
ies in the true organisms of interest, humans. These 
studies have their own advantages and disadvantages; 
they are, by definition, epidemiological, and epide- 
miology is very different firom experimental science, 
requiring larger, more expensive and more interdis- 
ciplinary studies. Often the investigator has no con- 
trol over the agent of exposure or the dose or doses 
administered; in most cases, one must rely on "found" 
experiments, such as accidental exposures, which are 
often uncomfortably similar to ambulance chasing. 
For the accumulation of significant data, more than 
an anecdotal case report is required, so there must be 
a relatively large exposed population with a consid- 
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erable increase in the incidence of the disease. Indeed, 
this field often relies upon the pharmaceutical in- 
dustry to provide a large population of exposed in- 
dividuals exhibiting unanticipated toxic effects. This 
relative inability to study an agent of the investigator's 
choice is ofifset by the fact that real human beings are 
the source of data and there is no question of the 
applicabihty of the model system. These studies, 
therefore, involve w^hat has become known in bio- 
medical science as franslational lestaich, that is, sci- 
ence that has direct application to real-life situations. 

In public health, the promise of molecular toxicol- 
ogy and molecular epidemiology is the identification 
of an im|)ending disease before clinical manifestation, 
which potentially allows for biological, chemical, or 
behavioral intervention and, perhaps, prevention. 
This is a particularly appropriate approach to cancer 
because many avenues of research have shown car- 
cinogenesis to be a multistep process witii a duration 
or gestation time of decades. Cancer can result fi-om 
the delayed effects of a single short-term exposure, 
such as a radiation accident, or from the efiects of an 
otherwise asymptomatic chronic exposure. In this de- 
layed or accumulative aspect of its etiology, it is very 
possible tiiat cancer can act as a paradigm for other 
late-onset diseases because somatic effects are more 
important factors in the development of the disease 
than genetic predisposition. With the impending 
completion of the human genome project, however, 
attention has increasingly moved toward these genetic 
factors, even in diseases of aging. Besides the many 
technological tools being developed in this area, such 
as gene expression and polymorphism chips, the main 
reason for concentrating on genetics is that it can be 
fiilly ascertained at any age. For example, a blood sam- 
ple from an 80-year-old contains all the genetic in- 
formation that would have been available had the sub- 
ject been sampled at birth. In contrast, toxicological 
exposures wax and wane, overlay one another, and are 
ongoing at any point of sampling; thus, there is no 
easily obtainable record of an exposure history similar 
to that of the underlying genetic background. 

Molecular Epidemiology 

In the classical toxicological epidemiology model, a 
defined health effect, often a well-characterized clin- 

ical disease, is perceived as occurringfrom the exposure 
of an organism to a deleterious biological, chemical, 
or physical agent. This strict cause-and-effect rela- 
tionship is mediated through a number of unknown 
modifiers of exposure and response related to the anat- 
omy, biochemistry, and physiology of the organism. 
The molecular epidemiological model, as shovm in 
Figure 1, attempts to expand on the concept of such 
biological modification by breaking the process into 
sequential stages that must be traversed to manifest 
disease. These intermediate stages are based on mech- 
anistic studies and hypotheses that attempt to identify 
the target tissue or cell type (which may not be the 
same as the cell type affected by the disease, or even 
at the same site as the eventual disease manifestation), 
the response or responses necessary to convert expo- 
svire into biological effect, and, if possible, the preclin- 
ical evidence of impending disease. As in any hypo- 
thetical system, experimentally verifiable predictions 
indicative of each stage are important. These indica- 
tors ofbiological modification are known as biomarkers 
and, because they precede clinical disease, they are 
thought of as intermediate biomarkers that can be used 
to monitor the progress of the disease. 

The development of the field of molecular epide- 
miology has been, and continues to be, hindered by 
a lack of complete understanding and cooperation 
between the practitioners of the two progenitor dis- 
ciplines, laboratory toxicologists and epidemiolo- 
gists. For the toxicologist, the traditional laboratory 
truism, "If you need statistics to prove your point, you 
didn't design the experiment properly," is difficult to 
reconcile vnth epidemiological studies. On the other 
hand, epidemiologists, especially clinical epidemiol- 
ogists, often seem to forget that statistical associa- 
tions are not and cannot be proofs of causality. The 
proper course is for epidemiological studies to gen- 
erate mechanistic hypotheses that are then evaluated 
experimentally. Too often, there is a complete dis- 
connection between the two disciplines. Epidemi- 
ologists hire technicians to perform tests they have 
seen published in the literature, often without thor- 
oughly understanding the relevance or implications 
of the results. Toxicologists, however, attempt to ap- 
ply their knowledge of experimental design to epi- 
demiological studies without appreciating the statis- 
tical methodologies necessary to adjust for 
unanticipated, confounding effects. In many ways. 
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BIOMARKERS OF HUMAN ENVIRONMENTAL CARCINOGENESIS 
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FIGURE 1. Epidemiology of induced human disease in die mechanistic context of moleodar toxicology. Insights into 
the absorption, distribution, metabolism, and elimination of environmental agents are combined with insights into the 
mechanism of the disease process to provide potential intermediate steps in the progression that can be tested for valid- 
ity and applied as surrogates for the eventual health effect.^"^ 

the situation is reminiscent of the difference between 
academic and industrial or regulatory toxicologists: 
Academic toxicologists apply a continually revised 
or "improved" protocol to a series of individual, often 
unrelated projects, whereas industrial and regulatory 
toxicologists apply a standardized, but almost always 
obsolete or suboptimal protocol, to a very systematic 
study of an area of proven concern. Thus, in collab- 
oration, the laboratory toxicologist can address the 
mechanistic relevance of a biomarker to the disease 
of interest, troubleshoot, and adapt the protocol to 
the types of samples that can be obtained, and ofifer 
the possibility of experimental follow-up on mech- 
anistic hypotheses that might result from an epide- 
miological study. The epidemiologist, in turn, directs 
the study to a question of immediate concern to med- 
icine or public health and allows for testing of both 
a mechanistic hypothesis and the biomarker designed 
to detect and monitor it in human studies. 

Biomarkers of Carcinogenesis 

To propose and test biomarkers of a specific disease, 
some insight into its etiology must be available. There 

have been many models of the carcinogenic process 
proposed: epigenetic, viral, toxicological, endocrine, 
immune surveillance, histopathological, and so forth, 
but the somatic mutational model^ has become pre- 
dominant for several reasons. First, there was the 
discovery of dominant activated oncogenes and re- 
cessive tumor suppressor genes and their identification 
in all types ofcancer.^-^ Second was the linking of these 
mutations with histological progression, as best ex- 
emplified by the Vbgelstein et al.^ model of colorectal 
cancer. Third, there is the unique ability (and vdU- 
ingness) of the supporters of this model to integrate 
aspects of other models into itself. For example, the 
somatic mutational model has to be compatible with 
theviralmodel because activated oncogenes were first 
identified in oncogenic viruses, and only subse- 
quently were shovrai to have homologues in the host 
genome. The model is also flexible enough to allow 
that epigenetic changes in gene expression, such as 
endocrine stimulation, hyper- or hypomethylation 
of genes, can have the same efifect as mutation in ful- 
filling the requirements of a step in the carcinogenic 
pathway. Toxicologists are satisfied with the muta- 
tional model because it describes a multistep process 
involving classical mutations that can be caused by 
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radiation or electrophUic chemicals. Thus, most in- 
termediate biomarkers of cancer presume that mu- 
tation is the only or principal mechanism of carcino- 
genesis and are designed to detect mutagenic ex- 
posures,premutagenic,andmutageniclesions,asweU 
as the biological effects of somatic mutations. Tox- 
icologists must be reminded that not aU cancer re- 
searchers are prepared to directly equate carcinogen- 
esis with mutagenesis, despite the fact that this prin- 
ciple underlies almost all carcinogenicity testing and 
costs industry billions of dollars. 

Carcinogenic Exposure 

Practically, there are two approaches for studying car- 
cinogenic exposures: identification of actual expo- 
sures and identification of potential exposures. Ob- 
viously, the former is often retrospective, whereas the 
latter is prospective. Applied primarily to anthropo- 
genic chemicals, a large number of carcinogenicity, 
mutagenicity, and other types of assays have been 
developed to determine or predict whether a chemical 
is a potential human carcinogen. The gold standard 
is the chronic animal cancer test; rodent carcinoge- 
nicity tests are the most widely applied.^ These life- 
time studies are time-consuming and expensive, of- 
ten have questionable application to humans, and 
have been increasingly criticized by animal-rights ac- 
tivists. Attempts to establish single-cell short-term 
assays have usually been based on a mutational ap- 
proach to the carcinogenic process, and measured 
genotoxicity.^° AU of these tests suffer from fiinda- 
mental oversimplifications in their basic assump- 
tions. For example, they must assume that biological 
effects of exposures to multiple genotoxicants (in- 
cluding all in vivo exposures) can be estimated from 
additively combining the efficacy of individual con- 
stituents, which suggests that interactions such as 
synergism and antagonism either do not occur, or, 
overall, balance one another out. They also must as- 
sume that all genotoxicants have simple dose- 
response kinetics, which ignores the possibilities of 
hormesis or other higher-order interactions. Pres- 
ently, a huge number of manufactured chemicals in 
use lack significant toxicological data; however, there 
are at least two promising approaches toward im- 

proving testing efficiency in the near fiiture. First is 
the adoption of high-throughput and high-content 
screening technologies, using advances in fields such 
as robotics, flow cytometry, computer-directed mi- 
croscopy, mass spectroscopy, and so forth, to better 
apply oiu* knowledge of carcinogenesis. Such tech- 
nologies have already been successfiilly applied in 
some aspects of toxicology, ^^""i'' but not to the degree 
they have been embraced bypharmacologists for drug 
design. ^^1^ A second promising approach toward 
broadening oiu" capacity to screen chemicals has also 
been increasingly used in pharmacological drug de- 
sign: the development of so-called in sUico models, 
or predictive-computational toxicology. Many ap- 
proaches have been tried, from attempts to reproduce 
the logic of a working toxicologist through hierar- 
chical sets of rules and decision trees, to correlating 
chemical structure or physicochemical properties 
with biological activity, to artificial intelligence sys- 
tems such as neural networks that attempt to combine 
the best features of each approach, ^^^i Xhe challenge 
is much greater for toxicologists than for drug de- 
signers, however, because identifying a single suc- 
cessfiil lead compound can make the approach suc- 
cessfiil for the latter, whereas missing a single toxic 
compound by the former could result in tragedy. In- 
deed, predictive models must continue to be devel- 
oped through continuous interaction vdth traditional 
toxicologists, validating and extending models 
through targeted testing of new agents, and account- 
ing for the greater considerations of the entire human 
organism and population.^^ 

The second approach to defining exposures takes 
place in the field, often after an exposure has occurred 
or is suspected. Although this is the naturalbeginning 
of an epidemiological toxicological study, such phys- 
ical measurements are traditionally the province of 
other practitioners, such as the industrial hygienist 
or the health physicist. Indeed, beyond the work en- 
vironment or agents such as radon that are sometimes 
targeted by local health departments, often no at- 
tempt is made to measure or monitor the normal ex- 
posures that are thought to give rise to three-quarters 
of all cancer.^ Besides the same potential problems 
with kinetics and interactions mentioned above, 
measuring genotoxicity in the field is complicated 
by the shear number of agents that a human being 
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or a population come into contact with, especially 
over the decades cancer may require to ensue. One 
approach hasbeento develop simple functional as says 
or Mosensorsthatreact to a spectrum of efifectors rather 
than a single specific agent, such as a particular chem- 
ical. These instruments often use biological detec- 
tors, whole organisms or molecules such as antibodies 
or enzymes activated by interaction (binding) to xe- 
nobiotic agents to indicate the presence of such agents 
in the environment.^'^This approach is still restricted 
by our understanding of the underlying mechanism 
of action of such agents and, again, the application 
to cancer usually involves the assumption of a geno- 
toxic mechanism, although methods to detect pos- 
sible agents acting through an epigenetic hormonal 
mechanism have also been developed.'^^ 

Biomarkers of Exposure: Internal Dose 

To manifest a carcinogenic effect, most agents must 
be internalized within an organism and within a cell. 
52o/Ko«2Von«^of potentially toxic exposures involves 
measuring the agent in a tissue or bodily fluid readily 
available for sampling.^^ In experimental systems, a 
potentially toxic substance can be labeled and ad- 
ministered to the whole animal by various methods, 
and the uptake, distribution, persistence, and elim- 
ination then investigated by recovery of the label in 
urineandfeces.Inpotentialhuman exposures, similar 
measures can be used to infer the magnitude and 
importance of the original dose. Such studies are 
complicated by the metabolism the original agent 
undergoes in vivo. Indeed, if the number and types 
of exposures humans normally undergo are daunting, 
the expansion of these effects through metabolism 
magnifies the problem many fold. In an effort to mo- 
bilize and detoxify potentially toxic substances, the 
body metabolizes or biotransforms them into more 
water-soluble derivatives; unfortunately, this often 
makes them more reactive and, therefore, more geno- 
toxic, also, in effect, activating them. Thus, it is usu- 
ally not only the original agent that must be moni- 
tored in bodily fluids, but also a complex mixture of 
metabolites that have different potentials for toxicity 
by themselves. This metabolism of chemical agents 
has become an important element in the individual 

exposure modification that must translate an expo- 
sure into a disease, and differences in the ability to 
metabolize chemicals have been shown to signifi- 
cantiy affect their ultimate biological activity.^^ Most 
molecular epidemiological studies of genetic suscep- 
tibility to genotoxic agents have involved ftmctional 
or genetic markers of metabolic enzymes.^^-^^ Con- 
sidering the number of potential phase I (esterases, 
cytochrome P-450 monooxygenases, epoxide hy- 
dratase, and so forth) and phase II enzymes involved 
in this process (methyltransferases, sulfotransferases, 
acetyltranferases, glucuronyl transferases, glu- 
tathione 5-transferases, and so forth), it is difficult 
to predict the fate of a chemical in a biological system, 
although computational models have been devel- 
o^td?^^^ There is an unfortunate tendency to look 
for associations between polymorphisms in these 
genes and health effects without ever determining 
whether the polymorphism has any effect on func- 
tionality. Since epidemiology can onlybe hypothesis- 
generating, demonstration of such an association 
should only provide fixrther impetus for a functional 
analysis of the polymorphism and its mechanistic 
role in the disease process.'''^'-'-' 

Biomarkers of Exposure: Biologically Effective Dose 

Genetic toxicology is a unique subspecialty of toxicol- 
ogy in that the target molecule, DNA, is neither cell- 
type- nor organ-specific. Thus, a genotoxic effect, po- 
tentially contributing to carcinogenesis, can occur in 
almost any cell in the body. Certain non-genotoxic 
carcinogenic agents, such as transforming viruses and 
xenoestrogens are likely to be more restricted 3h the 
types of cells they can affect. Traditionally, genotox- 
icants have been defined rather narrowly as agents 
that interact directiy v\dth the DNA, although agents 
affecting chromatin proteins, microtubules, and so 
on, can affect DNA replication and chromosome seg- 
regation. Therefore, measurement of the effective 
dose of a carcinogen has often been done by quan- 
tifying DNA adducts (or blood protein adducts as a 
surrogate). There are many methods to do this in 
bulk, but the most widely applied is 32p-postiabeling, 
which yields "spots" of bases with altered migration 
in a two-dimensional chromatography system.-'''^''^ 
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An advantage of this and similar detection systems 
is that they quantitatively display all the base adduc- 
tion products, so that all potential DNA damage can 
be estimated. The major disadvantage of such sys- 
tems is that there are usually multiple species of ad- 
ductedbasesand,withoutindividuallycharacterizing 
each species, it is impossible to assign a relative im- 
portance to each spot. Although they must have a 
minimal persistence to be detectable at all (i.e., not 
removed from the DNA too quickly by DNA repair 
mechanisms), different altered bases can have very 
different effects on DNA replication and hydrogen 
bonding and, therefore, on the types and amounts 
of resulting mutations. Recent studies have often tar- 
geted a single, well-characterized adduction species 
with monoclonal antibodies; however, such studies 
assume that the total genotoxic effect of a mixed ex- 
posure can be estimated from a single mutagenic 
product, which is not likely to be consistent.37.38 

Biomarkers of Disease: 
Generalized Biolo^cal EflFect 

In keeping with the genotoxicity paradigm for car- 
cinogenesis, the interaction of a toxic agent with 
DNA does not produce a long-term effect unless it 
results in an unrepairable mutation, defined as any 
heritable change in the amount or structure of the 
genetic material. Since we are referring to genetic 
changes in somatic cells, "heritable" suggests viable 
clonal propagation of the mutation through subse- 
quent mitotic generations. A large number of meth- 
ods for detecting and quantifying somatic mutation 
have been proposed and, to some degree, validated 
in retrospective studies.^^ Some markers, such as mi- 
cronuclei or dicentric chromosomes, are inherently 
inviable; they therefore serve as indicators of similar 
processes that leave the cell mutated but alive (a sort 
of biomarker of a biomarker). Other monitored 
events, such as sister chromatid exchange, result in 
no genetic damage or biological effects, but are 
thought to respond to agents that can, in addition, 
induce chromosome breakage and rearrangement. 
The best validated biomarker of somatic mutation is 
the cytogenetic detection of stable chromosome ab- 
errations, which has been shown to be predictive of 
subsequent cancer in three independent prospective 

studies.'''^'"^^ These studies provide strong evidence 
that, although other processes may contribute to hu- 
man carcinogenesis, induction of somatic mutation 
is an important factor in cancer incidence. Measure- 
ment of gene-specific mutation has also shown prom- 
ise as an intermediate biomarker of biological effect. 

Somatic Mutational Analysis 
There are two weU-established methods for measuring 
gene-specific in vivo somatic mutation in humans. 
Both involve mutation at a non-oncogenic surrogate 
locus chosen to allow detection of mutation with 
single-hit kinetics. These well-characterized reporter 
genes are the X-linked gene coding for hypoxanthine- 
guanosine phosphoribosyl transferase (HPRT), a 
ubiquitously expressed purine scavenger enzyme, and 
the autosomal gene for erythrocyte glycophorin A 
(GPA), the most common sialoglycoprotein on the 
red cell surface, and the genetic determinant of the 
MN blood group. The HPRT gene has been used for 
many years as a selectable marker in mammalian cell 
culture,^^ and this assay system has been adapted to 
T-lymphocytes in short-term cultures derived fi-om 
human peripheral blood.''^''*^ The GPA assay is de- 
signed to detect a wide range of potentially inactivating 
mutations atthe GPAlocusbyflowcytometric analysis 
of peripheral blood erythrocytes.'^'^'' The two assays 
have complementary features (Table 1). The GPA as- 
say is fast and inexpensive, using flow technology to 
quickly quantify rare mutational events. The HPRT 
assay requires cell culture and drug selection, making 
it more expensive and labor-intensive. However, the 
GPA assay can only be performed in genetically in- 
formative MNheterozygotes,andthemutationalbasis 
of the phenotypic variation cannot be confirmed at 
the molecular level, whereas the HPRT assay can be 
performed in virtually anyone, in a multitude of cell 
types, and can be used to generate mutational spectra 
that potentially can identify the inducing genotoxic 
agent. In previous studies using both assays, the cor- 
relation between these biomarkers is consistentiy bet- 
ter than tiie correlation of either with physical or en- 
vironmental estimates of exposure, presumably 
because both of these assays consider the extent of 
exposure and the individual variations in response to 
genotoxic exposure.^ 
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TABLE 1. Features of the GPA and HPRT In Vivo Human Somatic Mutation Assays* 

GPA HPRT 

Well-established assay, with extensive normals database 
Autosomal locus sensitive to mutational, chromosomal, 

and epigenetic events 
Applicable to only ~50% of the population 

<1 mL of fresh blood required 
Inexpensive and rapid-direct-flow cytometric detection 

of mutants 
Mutant phenotype cannot be conformed at the DNA 

level 

Well-established assay, with extensive normals database 
X-linked locus sensitive to point mutation and small 

deletion 
Applicable to everyone except patients with 

Lesch-Nyhan syndrome 
~20 mL of fresh blood required 
Expensive and labor-intensive-cell cxilture and 

clonogenic drug selection 
Mutant colonies can be genetically analyzed-generate 

mutational spectra 

* Adapted from Ref 48. 

The GPA and HPRT assays have been extensively 
validated as quantitative measiures of genotoxic ex- 
posures. Investigations include exposures to ionizing 
radiation such as the survivors of the bombing of 
Hiroshima,'*^^^ accidents such as Chemobyl,^^'^^ 
and Goiania,^'* and other medical,^^-^^ environmen- 
tal,^'^ and occupational studies.^^'^^ Similarly, the re- 
sponse of these systems to chemical exposures, such 
as PAHs and cigarette smoke has been established 
in a series of studies of environmental^'^^ and occu- 
pational exposures.^^"^^ Given that these assays are 
sensitive to a wide range of genotoxicants, it has been 
suggested that these measures of somatic mutation 
might provide a biomarker of cancer risk associated 
with genotoxic exposure.^'''^^ 

There have been three studies specificaUydesigned 
to determine whether newly diagnosed cancer pa- 
tients have higher somatic mutation frequencies than 
disease-free individuals, that is, whether cancer in- 
cidence is associated with increased levels of gene- 
specific (as opposed to chromosomal) mutation. In 
1989, astudyoflung cancer patients with the HPRT 
assay demonstrated significantly higher mutant fre- 
quencies in the patient population versus controls.^' 
A subsequent study ofbreast cancer patients revealed 
HPRT mutant frequencies higher than controls and 
womenwithbenignbreastmasseSjbutthe differences 
failed to reach statistical significance.^'^ More re- 
cendy, a significant increase in mutation at the GPA 

locus has been reported for a population of hepato- 
cellular carcinoma patients.^^ 

Several other mutational studies of cancer patients 
have been performed using the GPA assay, usually 
to demonstrate the genotoxicity of the therapeutic 
regimen.^"^^ Our studies of this type have always 
involved analysis ofboth concurrent disease-free con- 
trols and a pre-therapy sample from each patient. 
When the results from these two populations are 
pooled and compared, the patients are significantiy 
higher for total variant frequency (combining both 
allele-loss and loss-and-duplication classes) {p < 
0.01) (Fig. 2). These data include subpopulations of 
patients with breast,''^ prostate,^* and testicular can- 
cer. ■^^The HPRT assay has also beenused extensively 
to demonstrate a genotoxic effect of cancer chemo- 
therapy upon circulating lymphocytes. In addition 
to the two mentioned above, seven other studies have 
been published in which the frequency of lympho- 
cytes with mutations at the X-linked HPRT locus 
was determined in newly diagnosed cancer patients 
before genotoxic therapy.^^"^^ In all nine studies, the 
frequency of somatic mutation at the HPRT locus 
was higher in the cancer patients than in concurrent 
controls. When these data were reviewed and pooled 
for re-analysis,^^ the approximately twofold elevation 
in somatic mutation frequency demonstratedby these 
pooled data from cancer patients (A'^= 187) was highly 
significant (/> < 0.001) (Fig. 3). 
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FIGURE 2. Comparison of in vivo somatic mutation at 
the GPA locus in a population of untreated patients with 
diverse types of cancer and disease-firee controls. 

These data suggest that human cardnogenesis is 
associated with increased in Advo somatic mutation 
and, based on the validation studies detailed above, 
that these mutation assays could act as uitegrative bio- 
dosimeters for genotoxic exposures. It is significant 
that the association seems to hold not just in tumors 
vvdth a well-accepted mutagenic etiology, such as lung 
cancer, but also in tumor types ■with viral (hepatocar- 
cinoma) or hormonal (breast, testicular, prostate can- 
cer) components in therrprogression. This observation 
is consistentvwththe concept ofamultistep mutational 
pathway of carcinogenicity in which one or a few steps 
can be Mfilled by epigenetic factors, but numerous 
other steps still depend on mutagenesis. These assays 
can measure both transient and persistent DNA dam- 
age in the stem cell and differentiating hematopoeitic 
compartments, respectively, and show great promise 
as biomonitors of chemopreventive measures against 
genotoxicity, such as antioxidants. 

The association of cancer incidence with a modest 
elevation in somatic mutant frequencies suggests that 
cancer can be caused by normal or background levels 
of genotoxic ejqjosure. Individual variation in suscep- 
tibility to genotoxic insults would therefore become 
an important factor in determining whether muta- 
genesis and, subsequently, carcinogenesis would re- 
sult from a particular exposiu-e. The HPRT and GPA 

assays have also been applied to individuals and pop- 
ulations suffering from DNA repair-deficiency syn- 
dromes, which are characterized by very high cancer 
incidences. Thus, HPRT mutation has been found 
to be spontaneously elevated in homozygotes for the 
recessive cancer-prone disorders Bloom syndrome,^ 
Fanconi anemia,^^-^' and ataxia telangiectasia,^-'^ all 
associated with deficiencies in resolving DNA dou- 
ble-strand breaks. The GPA assay has demonstrated 
10- (ataxia telangiectasia) ,50- (Fanconi anemia), and 
100-fold (Bloom syndrome) increases in the fre- 
quency of spontaneous somatic mutation in these 
patients.'^'^'^^''^'^^ HPRT mutant frequencies appear 
to be elevated in xeroderma pigmentosum patients, 
which are characterized by a deficiency in nucleotide 
excision repair,^^'^'' but there is no evidence for such 
anincrease atthe GPAlocus.^^Both assays have dem- 
onstrated subtle elevations in mutant frequency in 
thepremature-aging disease, Wernersyndrome.^^'^°° 
These studies offer an alternative explanation for the 
elevated mutation frequencies observed in the spo- 
radic cancer patient populations described above; 
namely, instead of sustaining sHghtiy higher than 
normal genotoxic exposures, these individuals man- 
ifest slightiy higher tiian normal genetic susceptibil- 
ities to genotoxic injury. This suggestion is similar 
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FIGURE 3. Comparison of in vivo somatic mutation at 
the HPRT locus in a population of untreated patients 
with diverse types of cancer and disease-free controls. 
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to the proposal by Hsu^^^: Normal populations 
should show interindividual variability in DNA re- 
pair capacities, and those with the highest suscepti- 
bility to unavoidable genotoxic exposures, but stiU 
within the range of normal, would be at greatest risk 
of developing cancer. 

Mutagen Sensitivity 
Hsu's own approach to demonstrating this principle 
was based on anothercharacteristic of the cancer-prone 
syndromes: their hypersensitivity to DNA-damag- 
ing agents.^°2-l04 -pj^g ceUxilar phenotype has been 
exploited to map and clone the underlying genes re- 
sponsible for these conditions, and lymphocyte mu- 
tagen hypersensitivity continues to be used as a de- 
finitive diagnostic laboratory test. Hsu conjectured 
that milder forms of this mutagen-sensitivity phe- 
notype should occur in the human population, and 
might contribute to the incidence of common tumors 
in tiie normal population. He adapted the mutagen- 
sensitivity tests developed for diagnosis of the DNA 
repair-deficiency diseases into a screening tool based 
on the induction of transient cytogeneticaUy detect- 
able chromatid breaks.^o^-ios These studies demon- 
strated significant interindividual variation in the re- 
sponse of the disease-free population to a known 
genotoxic agent, the radiomimetic DNA cross-linking 
agent, bleomycin. They also demonstrated that a sig- 
nificantiy greater proportion of individuals manifest- 
ing a number of different types of cancer were hy- 
persensitive to this mutagen in that they suffered 
more DNA damage when their lymphocytes were 
exposed to a standard dose of bleomycin. This work 
has been carried forward by Spitz et al.j^'^'^^o in a 
series of studies demonstrating that bleomycin sen- 
sitivity is associated with risk of head and neck^*^ 
m and lung^^2'^^3 cancer. Hsu et al.^Hii5 introduced 
the idea that sensitivity to other mutagenic chemicals 
could also be measured by induction of chromatid 
breaks. In these studies, the inducing agent was 4- 
nitroquinoline-1-oxide (4NQP), which causes the 
same type ofDNA damage as UV light, the genotoxic 
agent implicated in skin carcinogenesis. This prin- 
ciple has subsequentiy been applied in the lung cancer 
study using the polyarr-'natic hydrocarbon and to- 
bacco smoke mutagen zo[fl]pyrene diol epoxide 
(BPDE) as the inducin      ■ent.ii6,ii7 

Biomarkers of Disease: Specific Biological Effect 

Just as some would argue that an adduct is not im- 
portant unless it results in a mutation, others would 
argue that the mutation is not important unless it is 
involved in the progression of the disease. Screening 
for mutations in oncogenes and segregation of tumor 
suppressor genes^^^ blurs the distinctions of public 
health concerns, such as identifying individuals at 
increased risk of cancer, and purely medical concerns, 
that is, the early detection of the disease itself What- 
ever the intent of the study, it can take the form of 
a screen because of the early observation that tumor 
cells (and potentially preneoplastic cells as well) can 
be found in many fluids and excreta of the body.^^^ 
Advances in cytological techniques and the devel- 
opment of antibodies to cell lineage markers and car- 
cinoembryonic antigens maintained interest in these 
cells, but the possibility of molecular screening only 
arose with the delineation of the role of somatic mu- 
tation in oncogenesis. Thus, there has been much 
interest and some progress in the past decade toward 
using molecular detection of so-called early muta- 
tions in such biological samples as buccal swabs, 
mouth rinses, lung lavage, urine, feces, and so on, as 
diagnostic and prognostic markers.^^More recentiy, 
it has been found that free circulating DNA in serum, 
long known to be at higher levels in cancer pa- 
tients,^2i,i22 is primarily derived firom necrosing and 
apoptosing ceUs.^^^ Activated oncogenes^'^^ and 
segregated tumor suppressor genes,^^'^^ reflective 
of genetic changes in the primary tumor, have been 
detected by analysis of DNA amplified from blood 
samples from cancer patients. 

Conclusion 

In many ways, the fields of molecular toxicology and 
molecular epidemiology are in a holding pattern. 
There has been a general reluctance to leave the val- 
idation phase in which potential biomarkers are eval- 
uated in populations with known—and usually ex- 
treme—exposures and predispositions to cancer and 
to move these studies into the general population, 
and, subsequentiy, into clinical or pubUc health prac- 
tice. For basic scientists, this involves taking on re- 
sponsibilities for interaction with human populations 
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and individuals that some researchers may not ap- 
preciate. From the clinical side, in the absence of an 
established intervention, there may be little reason 
or even justification for predicting disease. Only 
through applying the biomarkers that do exist, such 
as thepromisingtechnologies discussed in this report, 
can basic scientists become comfortable with such 
translational research and can preventive measures 
be developed to provide practitioners v^dth an arma- 
mentarium to treat preneoplastic disease. 

The biomarkers available and in development for 
cancer reflect, to a large degree, the inclinations of 
toxicologists to equate mutagenesis with carcinogen- 
esis. Indeed, data presented here suggest that al- 
though other mechanisms are known to contribute 
to cancer, mutation, both chromosomal and gene- 
specific, appears to be involved in all cancers. This, 
in turn, suggests that (1) if one lives long enough, one 
will inevitably develop cancer, and (2) the specific type 
of cancer will be that which one is most susceptible 
to ovwng to the types of exposures sustained as well 
as one's underlying genotype. Thus, a certain level 
of genotoxic effect maybe sufficient to cause hepa- 
tocarcinoma in an individual wdth a chronic hepatitis 
B infection, but a slightiy later onset of kidney tumor 
in an individual without such a viral predisposing 
factor. The strength of the mutational model of can- 
cer lies in its ability to rationalize itself with these 
other factors. As mentioned above, we know that 
viruses can deliver activated oncogenes(retroviruses), 
or provide a protein sink for timior suppressor gene 
products (animal viruses).^^ Genetic factors in can- 
cer have been found to congenitaUy provide a muta- 
tion that traverses one step in the carcinogenic path- 
way,^''" or confer a mutatorphenotype that causes a 
more rapid progression through the pathway,^^^ or 
both. Hormonal factors, even if they are not overfly 
genotoxic, can mimic mutation via their effects on 
transcriptional regulation, ^^^ or affect mutation rates 
as suggested by the mitogen-mutagen hypothesis.^^s 
Toxicologists must also be willing to expand their 
definition of a mutagen; for example, because ane- 
uploidy is unquestionably a mutational event, agents 
that cause it through interaction vwth centromeric 
proteins or microtubules (as opposed to direct inter- 
action with DNA) should be considered mutagens. 
Despite the present success of mutationally based 
biomarkers, we must be aware that application of 

such surrogate end points for cancer depends on the 
confidence the entire field feels in the underlying 
mechanism of cancer. Some clinicians maintain that 
the only credible intermediate biomarker for carcino- 
genesis, especially for prospective trials of chemo- 
prevention, is the appearance of preneoplastic 
lesions^^; this despite the fact that the vast majority 
of such lesions do not, and perhaps cannot, develop 
into malignant tumors.^^^ Mutational biomarkers 
have also been criticized for not discriminating be- 
tween exposure and susceptibility, or for not being 
more agent-specific. The best reply to such criticisms 
is to apply the markers we have now in the most 
appropriate way and, if such discrimination is found 
important, to continue to develop methods to further 
specify the relative contributions of each factor in 
each particular disease or lesion. 

AH of the preceding is based on the assumption 
that toxicology, pathology, and so forth, wiU continue 
playing an important role in oncology. History, how- 
ever, suggests that medical science tends to follow 
the fad of the latest technology, even when it is not 
necessarily appropriate. With the recent completion 
of the first phase of the human genome project, we 
have entered into a period of increased enthusiasm 
for genomic research that may or may not comple- 
ment the types of research discussed in this report. 
We mentioned earlier that every cell from 80-year- 
old subjects still carries their entire genetic code, fa- 
cilitating such genomic research, even in such late- 
onset diseases as cancer. Our 80-year-olds also have 
a complete record of their lifetime of accumulated 
exposures, at least genotoxic exposures, in their cells, 
although different aspects maybe found in different 
cell types, locations, and so forth. We must develop 
methodsofrapidlyscreeningindividuals for evidence 
of cumulative past exposures that can be used to char- 
acterize their levels of response. The justification most 
often given for the extensive involvement of the U.S. 
Department of Energy in the human genome project 
was, essentially, how could we identify mutations un- 
less we know what the normal gene sequence is? We 
now need to take up this challenge and use the tech- 
nologies developed for charting the evolution of the 
hereditarygenomethroughgenerations to begin tomap 
the changes in the somatic genome that occur over a 
normal lifetime and during the carcinogenic process. 
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