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Foreword

Kenneth I. Shine

One of the more interesting aspects of the announcement by Ian Wilmut that
he and his colleagues in Scotland had successfully “cloned” a sheep born in 1996
was the enormous public interest and misunderstanding about cloning. The com-
mon misperception, which persists to this day, is that a cloned individual would
be an exact duplicate of another.

In the process of trying to explain to the American public and, in fact, to
some members of the scientific community what is involved in “cloning,” it
became critical to point out that the relationship between cloned animals is, in
fact, less close than that between identical twins. In a cloned organism the nucleus
comes from one animal and the cytoplasm, which contains mitochondrial genes,
comes from another. Thus, identical twins are closer in biological and genetic
identity than “clones” would be. Yet, none of us would expect identical twins to
actually behave the same way; in fact, they are very different people.

Consideration of identical twins, and of clones, emphasizes the notion that
even when two individuals have identical or nearly identical genes, the social,
cultural, and physical environment in which they live has a profound impact on
who they are and what they become. The long tradition of studying twins empha-
sizes the need for us to understand the manner by which biology and the environ-
ment influence the health and development of individuals and populations.

The Institute of Medicine (IOM) has issued a number of consensus studies
about environmental health. Several years ago the IOM produced a report on
environmental justice, that is, how risky environments tend to be found in com-
munities of lower socioeconomic status, resulting in disparate rates of cancer and
other chronic diseases. Other aspects of IOM’s recent work have focused on the
unequal burden of cancer, which dramatizes that there are both increased inci-
dence and increased prevalence of cancer in certain groups of our population. The
National Cancer Policy Board has addressed a number of issues in cancer care,
including its quality and accessibility, and has demonstrated that there are sub-
stantial gaps between the average care and the best care for cancer.
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xii FOREWORD

IOM roundtables provide a venue in which individuals representing many
different perspectives can come together to discuss important issues facing health
and medicine today. Roundtables provide a forum for exploring the interfaces
between the various aspects of science and the diverse characteristics of health
care and public health. This workshop follows on a successful meeting convened
by the Roundtable of Environmental Health Sciences, Research, and Medicine
last year, Rebuilding the Unity of Health and the Environment, which emphasized
the multiple interrelationships that exist among the social, natural, and built
environments as they relate to human health. All of these efforts have highlighted
the importance of understanding the wide array of elements that might influence
the health of individuals and populations—where they live, what they eat, how
they live, where they work, how they raise their children, and how they do their
work.

One of our goals is to encourage health professionals—physicians, nurses,
and others in their communities—to recognize that these are not issues limited to
the public health department or to sanitary engineers. These are issues for all of
us in the health professions. Enhanced communications between the professions
and the community will be necessary to convey information about the interac-
tions between who we are genetically and the environment in which we live.
These concerns remain central to gaining insight into what can be done to pre-
vent, diagnose, and treat cancer as well as numerous other diseases, and they
stress the multidisciplinary nature of the challenges we have before us.
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xiii

Preface

In the early 1970s, Congress was at a pivotal point in shaping the future of
cancer research and policy for the United States. I remember vividly the atmo-
sphere “on the Hill” as legislation was pending before both the House and the
Senate on the funding of the National Cancer Institute (NCI) and its position
within the National Institutes of Health (NIH). The American people, the Con-
gress, and President Nixon were concerned about cancer; at the time, most people
diagnosed with cancer didn’t have much hope for the future. We were losing
many of our best and brightest to this deadly disease and we needed to do
something about it. The result in this country was to declare a “war on cancer.”

During this time, I was the chair of the Subcommittee on Health and the
Environment in the House. We were known as the “Disease of the Month Club”
because of the volume of legislation we were passing. We wore this label as a
badge of honor because we were committed to improving the health of the citi-
zens of the United States through increasing the government’s commitment to
biomedical research. In 1971, the Senate passed legislation to make an indepen-
dent agency of NCI, and President Nixon appeared ready to sign the legislation.
Our committee understood the importance of this legislation, and we proceeded
to hold three weeks of hearings on the bill. (Three weeks of hearings were all but
unheard of, but they were necessary to ensure that members of the House were
educated on the topic.) Many scientists, including several Nobel laureates, testi-
fied to the value of keeping the NCI as part of NIH. They pointed out examples of
how advances in one field can impact advances in other fields. A number of
prominent researchers questioned whether the exchange of information would be
as great if the NCI became independent of NIH. We also had to think of our
research commitment to other diseases and whether this would result in separate
agencies for each disease. We, on the committee and members of the House,
struggled with these issues, but decided at the end of our deliberations to keep
NCI a part of NIH. We passed the National Cancer Act of 1971, and our fight
against cancer began in earnest.
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It has been 30 years since that landmark legislation, and we have made
tremendous strides in “the war.” No longer is a person diagnosed with cancer
served a death sentence. Our understanding of the mechanisms underlying can-
cers has allowed us to start targeting treatment and separating out a group of
diseases that we call “cancer.” Molecular techniques and advances in cell biology
gained from cancer research have spilled over into other areas of science such as
neuroscience and physiology. Thirty years of research and clinical investigations
have given us hope and promise that one day most cancers will be sucessfully
treated by the wide variety of new modalities being developed.

The statistics speak for themselves. A report released last year by the NCI,
the American Cancer Society, the North American Association of Central Cancer
Registries, the Centers for Disease Control and Prevention, and the National
Center for Health Statistics reported a general decrease of 0.8 percent per year in
the incidence rate for all cancers combined from 1990 to 1997. The greatest
decline in cancer incidence rates has been among men, who overall have higher
rates of cancer than women. There is reason for hope.  While breast cancer
incidence rates showed little change in the 1990s, breast cancer death rates have
declined about 2 percent per year since 1990 and have dropped sharply since
1995.

With the growing use of electronic media, information is readily available to
more and more individuals. Although these media allow for rapid distribution of
information, there is no assurance that the information provided is accurate and
scientifically sound. Members of the public have many questions when they have
cancer, and they don’t understand why one person develops cancer and another
person doesn’t. They have questions about how their environment may have
contributed to the development of their disease. The scientific community doesn’t
have all the answers, but we assembled a group of researchers to discuss some of
these questions.

As part of its task, the Roundtable convenes workshops to inform the debate
on issues related to environmental health. We continue to explore the impact that
the environment has on our cities, our families, and our health. It shouldn’t be
surprising to anyone that the places in which we work, eat, sleep, and play can
have a dramatic impact on our health. As I have said many times, “Environmental
laws are more than regulations—they are health laws!”

In September 2000, the Roundtable decided to convene a workshop on Can-
cer and the Environment: Gene–Environment Interactions on May 16–17, 2001.
During the planning, it became clear that a two-day meeting would start the
process but would still leave many questions unanswered. What is clear, how-
ever, is that understanding the role of cancer and the environment is one of the
greatest challenges that we face in this new century.

As you can read in later sections of this report, there are significant differ-
ences in populations and the development of cancer. We have a significant vul-
nerable population that includes children, minorities, women, and the poor. We

xiv PREFACE
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are making progress against breast cancer, but not for all segments of the popula-
tion. We are making progress again lung cancer, but not for all ethnic minorities.
Scientists and government officials struggle with questions concerning cancer
clusters. Are they just a statistical aberration or are they the result of an environ-
mental exposure? More research and multidisciplinary approaches will begin to
tease apart these issues. We hope that we will be able to continue to decrease both
the cancer incidence and the mortality rates for all populations.

On behalf of the Roundtable, I would like to thank a number of individuals.
First are the co-chairs, Drs. Franklin Mirer and Alan Nelson, for their leadership
on this planning group. I would also like to thank other members of the planning
group, Dr. Ruth Etzel, Dr. Michael Gallo, Dr. Lovell Jones, Ms. Patricia
Kenworthy, Dr. John Minna, Dr. Samuel Wilson, and Ms. Gerri Wolfle, who
worked with the co-chairs and study staff to put this program together.

The Roundtable, itself, does not take a position on any issue. The comments
and summary presented here were captured to promote greater discussion of
environmental influences on the health of our citizens. This summary is a report
to the Roundtable, and the views and opinions expressed in the summary are the
views of the speakers and workshop participants, not the Roundtable. Announce-
ments of upcoming activities and workshops can be found at the Roundtable’s
Web site: www.iom.edu/ehsrt.

Paul G. Rogers, J.D.
Chair

PREFACE xv
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1

Summary

Cancer is the second leading cause of death in the United States and results
in more than half a million deaths each year. In the 1990s, we began to see a
downward trend in cancer death rates with an increased survival rate of cancer
patients. Most of the increase in survival rates can be attributed to earlier detec-
tion through screening programs and advances in chemotherapy. However, what
these positive trends mask is the fact that the incidence of some cancers is still
on the rise.

Both environmental and genetic factors are known to be involved in the
development of cancer. For example, environmental factors such as exposures to
certain chemicals or to sunlight have long been linked to the development of
some types of cancers. In planning this workshop, the Roundtable on Environ-
mental Health Sciences, Research, and Medicine wanted to address the link be-
tween environmental factors and the development of cancer in the light of recent
advances in genomics and, more specifically, in toxicogenomics and gene–envi-
ronment interactions. Speakers were invited from many scientific discliplines
including epidemiology, molecular biology, oncology, microbiology and immu-
nology, nutrition science, and human genetics. The goals of the workshop were
to facilitate discussion among these scientists; to assess genetic–environmental
interactions across diverse populations, including the underserved, women, chil-
dren, and minorities; and to review what is known about gene–environment
interactions in site-specific cancers. The language presented in this summary
should not be viewed as an endorsement by the Roundtable on Environmental
Health Sciences, Research, and Medicine or the Institute of Medicine of what
action is needed for the future, but rather as an effort to synthesize the various
perspectives presented.

This workshop came at a logical time to begin asking complex questions
about gene–environment interactions. As discussed by Samuel Wilson, National
Institute of Environmental Health Sciences, only a small percentage of cancer is
attributed to the powerful dominant single genes or the strongest toxicants. With
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2 CANCER AND THE ENVIRONMENT

the recent completion of an initial draft sequence of the human genome and with
the evolving and enhanced view of environmentmental health, we will be able to
conduct more precise studies of environmental contributions to cancer. He fur-
ther suggested that we will need a new toolbox to address cancer resulting from
the common modifier genes and multiple environmental exposures. In the charge
to the speakers and participants, he outlined a number of questions that would
begin to address what research tools will be needed, how new scientific informa-
tion can be applied in a timely manner to reduce the burden of cancer, and how
this can be flexible enough to treat the individual.

Sam Donaldson, of ABC News, opened the meeting with a keynote address
in which he described the media’s tendency to seek out scientific outliers rather
than the conventional wisdom. He urged the scientific community to be clear in
its messages about the linkages between cancer and the environment and to
emphasize areas of agreement.

THE ROLE OF THE ENVIRONMENT IN CANCER

In a scientific keynote address, Joseph Fraumeni, National Cancer Institute,
highlighted the importance of environmental factors in human cancer. He point-
ed to a growing body of knowledge that dramatically illustrates the influence of
such factors, for example, the observations of scrotal cancer among young chim-
ney sweeps in London in 1775 and the international variation reported in cancer
incidence. John Milner, Pennsylvania State University, using a broader perspec-
tive of environment—one that includes diet and lifestyle, described the evidence
of dietary interactions and cancer. He discussed the findings that both essential
and nonessential dietary nutrients can markedly influence several key biological
events, including cell cycle regulation, processes involved in replication or tran-
scription, immunocompetence, and factors involved in apoptosis, or programmed
cell death. These observations suggest that specific foods or components may
have the potential to markedly reduce cancer risk.

Analyses of the incidence of cancer in twin pairs and in families are tradi-
tional methods for answering questions about the relationships between cancer
etiology, genes, and the environment. Kari Hemminki, Karolinska Institute, and
Curtis Harris, National Cancer Institute, described recent progress in identifying
and characterizing susceptibility genes in familial cancer. This work, taken to-
gether, has revolutionized our understanding of the critical genetic mechanisms
in cancer etiology. Studies that combine genetic analysis with assessment of
exposures and diet can explain why not everyone exposed to a particular cancer-
causing chemical will develop cancer. Recent research has identified functional
polymorphisms that influence an individual’s cancer risk and has focused on
gene products involved in the activation and detoxification of carcinogens and
DNA repair. Gene polymorphisms that are important in apoptosis will increas-
ingly be recognized as clues to individual susceptibility to cancer.
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A number of questions concerning future research
emerged from the workshop:

If we move toward large-scale clinical trial studies and large-scale population
studies, how (and by whom) will the large repositories for DNA and tissues be
created?

If large amounts of lifestyle, medical, and environmental exposure information
are needed, do we have the resources necessary to collect and organize this
information?

How will we solve policy issues related to access to databases, while maintain-
ing protection of patient rights?

How do we encourage more “discovery-driven” research to define the molecu-
lar landscape of cancer? How can this be incorporated into an interdisciplinary
research involving epidemiologists and molecular biologists?

With the greater emphasis on environmental surveillance and environmental
disease registries, how do we ensure that all populations, including special popu-
lations, are involved?

SPECIAL POPULATIONS

Despite recent good news about decreasing cancer mortality rates, not all
population subgroups are sharing in this success story. Cancer rates are higher
and accelerating in some racial and ethnic groups. The reasons for these dispari-
ties may include the environment, hormones, and genetics. Lovell Jones, M.D.
Anderson Cancer Center, described how progress toward preventing, diagnos-
ing, and treating cancer will be hampered by the nation’s inability to deal effec-
tively with the greater cancer burden borne by certain vulnerable populations.
These populations are typically defined as groups at higher-than-average risk of
death, disease, and disability, and include people with low incomes, low literacy
rates, the elderly, those in rural communities, African Americans, Hispanics,
American Indians and Alaska Natives, and other ethnic minorities.

Trying to assess how genes and the environment compound cancer risk in
populations considered vulnerable because of their social or economic status
requires new approaches, according to some workshop participants. Demograph-
ic studies of cancer must consider the diversity within affluent groups as well as
within less economically affluent groups, said Armin Weinberg, Baylor College
of Medicine. They also must consider immigration patterns and countries of
origin because those factors play a primary role in predisposition to cancer.

María Hernández-Valero described how populations, such as migrant farm-
workers and children, are particularly vulnerable to developing cancer following
environmental exposures. Farmworkers, who include pregnant women and chil-
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dren, endure a high burden of exposure to pesticides and other agents that are
known carcinogens. The extent of the burden is unknown because it is particu-
larly difficult to study exposures and cancer clusters in migrant farmworkers due
to their mobility and hesitancy to be the subjects of investigation, said Richard
Jackson, Centers for Disease Control and Prevention.

Starting in infancy, children are vulnerable to environmental exposures. Gre-
ta Bunin, Children’s Hospital of Philadelphia, and Leslie Robison, University of
Minnesota, discussed trends in incidence and survivorship in childhood cancers
and presented preliminary evidence about linkages between childhood cancer
and diet. In addition to in utero exposures and, in some cases, preconceptual
exposures of the parents, diet and other environmental influences may combine
with genetic predispositions to form a strong link between these factors and the
development of childhood cancers. The developing child may be particularly
sensitive to exposures affecting specific organs, since the types of cancer found
in children are disproportionately different from those found in adults. Some
meeting participants suggested that longitudinal studies are needed to be able to
identify risk factors.

SITE-SPECIFIC CANCERS

Presenters described some recent advances in understanding the linkages
between genes and the environment in site-specific cancers, including breast,
lung, colorectal, and prostate cancer. More refined studies have been focused on
understanding how genetics may account for the differences among individuals
in their responses to harmful exposures. For example, John Minna, University of
Texas Southwestern Medical Center, and Margaret Spitz, M.D. Anderson Can-
cer Center, described how some genes signal the synthesis of enzymes in the
lung. Ordinarily these enzymes destroy cancer-causing substances in tobacco
smoke, but a gene variation might reduce these enzymes or their efficiency, and
therefore make people more susceptible to lung cancer.

Understanding the role of environment in breast cancer is an area of ongoing
research. Brian Henderson, University of Southern California; Mary Wolff,
Mount Sinai School of Medicine; and Olufunmilayo Olopade, University of Chi-
cago, discussed studies under way to address how complex genetic factors or
hormonal milieu may alter environmental risk factors. These effects may be
responsible for differences in breast cancer among racial or ethnic groups.

Presentations by Raymond DuBois, Vanderbilt University, and David Al-
berts, Arizona Cancer Center, highlighted what is known about environmental
risk factors in the development of colorectal cancer. Understanding the twenty-
fold variation in incidence rates in different geographic regions around the coun-
try may provide a clue to the etiology of colorectal cancer. In addition, studying
the relationship of the environment and adenomatous polyps—the precursors to
colorectal cancer—may help identify relatively asymptomatic individuals who
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are at increased risk of cancer and would benefit most from diagnostic follow-up
or intervention.

Development of multigenic models of cancer susceptibility will be an im-
portant future approach to predicting, preventing, and diagnosing cancers, said
some participants. For example, prostate cancer is a common disease for which
there are few well established risk factors. Pedigree analyses suggest a genetic
component for some individuals; however, the majority of prostate cancer cases
cannot be explained by a single-gene model, suggesting multigenic etiology.
Moreover, the international and racial–ethnic variations in prostate cancer inci-
dence, combined with the effects of migration on risk patterns, suggest that
gene–environment interaction may be involved in determining prostate cancer
risk. Donald Coffey, Johns Hopkins University, and Robert DiPaola, Cancer
Institute of New Jersey, discussed the relative roles of diet, nutritional supple-
ments, and hormones in risks for prostate cancer.

Finally, one area of research has focused on using the body’s own immune
response to combat the growth and development of cancer. Steven Rosenberg,
National Cancer Institute, described how these so-called immunotherapies are in
their initial stages but offer much hope for future vaccines and treatment ap-
proaches.

Several speakers emphasized the need for combining cancer registry data
with other databases to identify new etiologic leads. For example, large epidemi-
ologic consortia could be formed to pool data and publish results from several
independent investigations to quickly determine whether a given result in one
study is supported by other studies. Some participants also noted the need for a
linked environmental surveillance system. Investigations of the cancer-related
significance of hormonal, metabolic, genetic, and environmental factors could
then be compared and contrasted. Additionally, some workshop participants sug-
gested that we need better technologies and generally enhanced skills in the area
of risk communication. The combination of these efforts could lead to better
cancer prevention and control.
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1

Charge to Participants and
Workshop Objectives

REMARKS AND CHARGE TO PARTICIPANTS

Samuel H. Wilson

As I am sure you will all agree, we have accumulated a wealth of knowledge
about cancer through many years of investment in fundamental and applied re-
search. During this time, many promising drugs and treatments have been dis-
covered, and survivorship and prevention are increasing. We have begun to un-
ravel the mysteries of the molecular architecture of cancer, and this has revealed
that cancer is not a singular disease. It is, rather, a closely linked group of
molecular disorders, varying in etiology and mechanism, but with some common
intersections. Additionally, we know that a person’s susceptibility to cancer can
be governed by the interaction of common modifier genes or “susceptibility
genes” and environmental factors.

It is clear that if we are to continue making progress in prevention and
treatment of cancer, we will have to place additional focus on the interplay
between modifier genes and environment. It is this interplay that holds the great-
est promise in the fight to prevent and control cancer—a central theme of this
workshop.

Workshops such as this assist members of the Institute of Medicine Round-
table on Environmental Health Sciences, Research, and Medicine in clarifying
issues concerning environmental health. The presentations and discussions fur-
ther define the topics that will be important for the Roundtable to discuss and
consider in the future. When the Roundtable met in September of 2000, it be-
came evident that this was an ideal time to hold a workshop on gene–environ-
ment interactions in cancer because of two recent advances in genetics and envi-
ronmental studies. The first advance is the completion of an initial draft sequence
of the human genome. We now are in the early stages of the postsequencing
genomics era, and we are beginning to comprehend the genetic variations that
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8 CANCER AND THE ENVIRONMENT

modify an individual’s susceptibility to cancer. The second development is that
we are working with an evolving, expanded, and enhanced view of environmen-
tal health and exposures that includes factors such as diet, lifestyle, metabolic
alterations, socioeconomic status, and environmental pollutants. It is this ex-
panded view of environmental health that will allow us to conduct more mean-
ingful and precise studies of environmental contributions to cancer.

Although the research model of the rare dominant cancer gene, or the strong
environmental toxicant, has served us well in the past in defining the molecular
biology of cancer, it will not be sufficient in the future. Only a small percentage
of cancer is attributable to powerful dominant single genes or the strongest toxi-
cants. Instead, new science and a new scientific toolbox will be needed, and
more research involving the common modifier genes and the multiple environ-
mental factors must be considered.

Fortunately, the genomics era can provide us with many of these new tools.
Cancer research in the future will require an integration of new molecular genet-
ic measurements, environmental exposure measurements, and precisely defined
population groups.

As the group planning this workshop explored the themes and questions
surrounding gene–environment interactions, we identified a number of key un-
answered questions. I list these as a challenge and a charge to our speakers,
panelists, and participants to consider during the workshop:

• What are the approaches and the assay tools that will allow us to conduct
the most precise molecular evaluations of cancer susceptibility?

• What are the approaches that will allow us to understand the lag time or
the interval between the earliest stages of precancer and the eventual clinical end
points of cancer?

• What are the research strategies that will allow us to measure the multi-
ple stages during cancer development so that early interventions can be facilitat-
ed?

• How will we apply information on genetic and environmental factors to
reduce the burden of cancer through education, prevention, and intervention?

• How can this be done in ways that are both sensitive to local community
needs and flexible enough to allow individual approaches?

All of these questions are difficult and open ended. Even though we may not
find all of the answers, this workshop will help us to frame approaches in the
future and to find the answers more rapidly. We must rise to the challenge of
understanding the complex equation of gene–environment interaction and apply
this understanding to the prevention and treatment of cancer. This is a time of
great promise for environmental cancer research as we are poised to use new
technologies and multidisciplinary approaches to further unravel this devastating
disease we call cancer.
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STATEMENT OF WORKSHOP OBJECTIVES

Franklin Mirer

Cancer is still the second leading cause of death in the United States; more
than half a million lives are claimed each year. For industrial workers, occupa-
tion-related cancer is responsible for 5 to 20 times the number of work-related
deaths as traumatic injury. After decades of steady increases in cancer death
rates, the 1990s saw the beginning of a downward trend. Fortunately, cancer
survival rates have increased, in large part because of earlier detection, screening
programs, and advances in chemotherapy and other treatments. These positive
trends, however, are only part of the story, because the incidence of certain
cancers is still on the rise.

Both environmental and genetic factors are involved in the development of
cancer. In fact, one of the earliest observations of an environmental cause of
cancer was reported by Bernardino Ramazzini in 1714. Today, we know that
exposure to chemicals and sunlight, diet, lifestyle, economic status, and infec-
tions can contribute to the development of certain cancers. Yet not everyone
exposed to a particular cancer-causing agent or chemical develops the disease.
For example, 90 percent of heavy smokers do not get cancer. Complex interac-
tions require future research on individual susceptibilities, examining how multi-
ple modifier genes interact with the environment.

Since the 1960s we have been developing the field of occupational health
along a particular paradigm that has three main questions. First, does a carcino-
genic effect at a higher exposure exist at lower exposures? Second, does a carci-
nogenic effect observed in a laboratory animal study reliably predict a carcino-
genic effect in people? Third, are there enough people exposed to identified
carcinogens at high enough levels to account for a significant fraction of ob-
served cancers?

It is important to study the interactions of all the factors that influence health.
For example, if an investigator does not know anything about chemical expo-
sures, then he or she might conclude that all of the variations of cancer rates in
the populations are based on genetics or other host factors. Actually, if everyone
in a particular population has the same exposure, all the variation will be due to
host factors.

Second, if an investigator does not know anything about genetics, he or she
will presume that all variation in cancer rates is due to exposure. Finally, if an
investigator focuses on only one carcinogen, then he or she will overattribute the
role of that agent in all cancers.

Over the past 40 years, we have reached a limited consensus on what envi-
ronmental agents contribute to the development of cancer. As we use new infor-
mation to evaluate the carcinogenic risks of chemicals, we must also look back-
ward at how hard it was to draw the final conclusions about the largest single
cause of preventable mortality—cigarette smoking.
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10 CANCER AND THE ENVIRONMENT

As noted earlier, this workshop is being held at a time when new technolo-
gies and new intellectual perspectives are available to push research into new
research frontiers. This workshop was designed to bring together clinicians, epi-
demiologists, researchers, technologists, public health practioners, policymakers,
and other interested parties to discuss the recent opportunities in cancer research.
We will discuss many of the opportunities for areas of future research and pre-
vention. Finally, we will use the broader perspective of environments—one that
encompasses the effects of the social, built (including occupational), and natural
environment—to begin to understand why not everyone or every group that is
exposed to an environmental stressor develops cancer.
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2

Keynote Addresses

CANCER, THE ENVIRONMENT, AND THE MEDIA

Samuel Donaldson

I know a little bit about cancer and the environment, because I am a member
of the cancer club—the melanoma branch—and since receiving this diagnosis, I
have paid more attention to developments in cancer research than I did in the
past. We have learned a lot about the effects of the environment in causing
cancer, in some cases, far too late.

When I was in the army in the 1950s, I wangled an assignment to French-
man Flat in Nevada. In 1958, along with some of my buddies, I crouched in a
trench 3,000 yards from a tower where a nuclear device was exploded. The
device turned out to be no larger than the ones we dropped on Hiroshima and
Nagasaki, but witnessing this event made me a believer in the power of the
nuclear bomb. The ground shook and the countryside—the desert—came in on
us. We had our hands over our closed eyes in a 6-foot slit trench, yet I saw bright
daylight. Then, when the implosion occurred and the countryside came back in
on us, we jumped out of the trench. At this point, the fireball was just decreasing
in luminance. It was mainly white. In a few moments, as we sat there watching,
white rain began to fall on us. The winds
had changed. They carted us quickly to
water trucks, which were about 2 or 3
miles away, and we stripped and they
hosed us down. The photo tags we wore
showed we had been exposed only to
background radiation.

I do not think that this incident
caused my melanoma; rather, overexpo-
sure to the sun is the more likely culprit. We now know to wear sunscreens and

If we can teach young people early on
these good habits, we have a better
chance of facing down melanoma in the
future.

Sam Donaldson
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12 CANCER AND THE ENVIRONMENT

hats, and if we can teach young people early on these good habits, we have a
better chance of facing down melanoma in the future.

The point of telling the story about the atomic explosion was that exploding
the atmosphere was something that seemed necessary during the Cold War, but
we now know that exposure to strontium-90 and other noxious radiation from
atmospheric testing could eventually kill us all. In 1963, led by President John F.
Kennedy, we signed the first test ban treaty. For many years, nearly no country
has tested in the atmosphere and we are healthier because of it. What is impor-
tant about this story is that there was such broad agreement in the scientific
community about the health effects of such testing that it was impossible for
policymakers to ignore the evidence.

Let me just tell you at this point what you already know about those of us in
the news media. We look for the people who are the “odd steppers”—who march
to different drummers. If you think about it, you really want us to do that. In
many areas, it is the odd steppers—Copernicus, Galileo—who turn out to be
right. If the news media ignores such people because conventional wisdom con-
tradicts them, then a lot gets lost. For the media to do its job, we must seek out
all opinions, even if they are unpopular and unconventional.

I recognize that in science this works against you. For example, in 1964 I
was at a press conference when Dr. Luther Terry presented his first great Sur-
geon General’s report on smoking. As a smoker and a reporter, I had to pay
attention. So, I actually studied the graphs and looked at the charts and support-
ing documents and was almost instantly converted into a believer. Of course, it
took me seven more years before I could finally kick the habit and not smoke
another cigarette. However, during that period and long after, there were many
other voices saying that the link between smoking and cancer had not yet been
proven. Of course, many of these voices were coming from the tobacco indus-
try’s “smoking and health” divisions, even into the 1990s. Today, to a large
extent, those voices have been discredited. Even so, the fact that they existed and
came from platforms that seemed to give them standing, helped dilute the mes-
sage that smoking can kill you.

I recently moderated a panel on global warming, during which young people
were asking questions. One young lady asked this distinguished panel whether
global warming was really occurring. She asked, “Is it true? Does everybody
agree on this?” One of the scientists gave a very good answer, telling her that
several years ago an international panel of scientists developed a consensus state-
ment that the global temperature will rise anywhere from 3.5 to 9 degrees within
100 years if nothing is done about present carbon dioxide emissions and other
causative factors. He also responded that the news media would always be able
to find one scientist who will say, “No, it is not true.” He lamented that the
media would then report that some scientists say global warming is a fact and
others say it is not, which will confuse the issue. He was quite right.

In another example, in the mid-1970s the House Select Committee on As-
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sassinations assembled 20 top forensic scientists to look at the autopsy photo-
graphs from the Kennedy assassination. Nineteen of these scientists said, despite
what the Zapruder film appears to show, that President Kennedy was killed by a
shot from the rear. They postulated that the large flash seen on his forehead and
the appearance of his neck jerking back on the film is the result of an exit wound,
that is, representing the natural reflexes of the muscles when there is a trauma to
the back of the head. One forensic scientist, said, “No, I think that could be an
entry wound,” forever leading the popular press and the film industry to beliefs
about conspiracy and cover-up.

What I am saying to the scientific community is this: as it pursues, discuss-
es, and reports its work, to the extent possible it must make clear the degree to
which there is unanimity in the scientific community. That is, give the media a
sense of how widespread the agreement is on a given issue. It is not our mission
as reporters to be in on the science of science, but to report it. I am not going to
work against the scientific community, but if I hear somebody with credibility
that disagrees, I am going to call them and see what they think. I am not sug-
gesting that scientific findings must be compromised, but rather that the magni-
tude of scientific differences should be explained. For example, in the case of
my global warming story, one of the panelists later told me that he actually
thinks the rise in temperature due to global warming over the next 100 years is
likely to be closer to 9 degrees than 3.5 degrees. That helped me put the widely
touted range of 3.5 to 9 into better perspective. It would also be useful if the
general scientific community believes the outlier, or odd stepper, is really
wrong, they should say it loud and clear, and avoid the tendency toward profes-
sional courtesy.

It has been six years since I had a
melanoma tumor removed from my right
groin. I know with every passing year
that my odds improve, but the same can-
not be said for all cancer patients. Each
one is an individual. The graphs and
charts showing cancer rates and survival
give us a sense of the field, but any one
point on the graph is an individual,
whose risks and odds of survival might differ. All of us who have had cancer
know that once it strikes, it is always stalking. It is always in the back of your
mind, and we want to avoid its occurence in others as much as its recurrence in
our own bodies.

Thus, when you are looking for the relationship between, for example, the
hole in the ozone layer and cancer, I can’t help but think how important this
information is to the future incidence of melanoma. The scientific community
seems unanimous in saying that chlorofluorocarbons help destroy the ozone,
particularly in the southern hemisphere. If we don’t do something about this, my

I know with every passing year that my
odds improve, but the same cannot be
said for all cancer patients. Each one is
an individual.

Sam Donaldson
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division of the melanoma cancer club
will grow, rather than decrease. If there
is broad agreement about the need to act,
then the scientific community must pro-
vide a solid front. I appreciate that this
is a challenge—that scientists are by
their very nature skeptical. To the extent

that the scientific community can reach broad agreement, we will all be in your
debt.

GENES AND THE ENVIRONMENT IN CANCER ETIOLOGY

Joseph F. Fraumeni, Jr.

For some time, the epidemiologic evidence has suggested that the bulk of
cancer in the population is related to environmental exposures, which are broad-
ly defined here to include lifestyle factors, such as smoking, nutrition, and repro-
ductive variables. Although genetic mechanisms are fundamental to the develop-
ment and progression of all forms of cancer, the actual role of inherited
susceptibility as an etiologic factor has been very difficult to assess.

The causes of cancer in the population can be assigned to one of four broad
categories: (1) inherited susceptibility alone; (2) environment alone; (3) interac-
tions between genes and the environment; or (4) a “spontaneous” category of
tumors that may arise randomly from the play of chance (see Figure 2-1). It is in
the category of gene–environment interactions that tremendous interest is build-

If there is broad agreement about the
need to act, then the scientific
community must provide a solid front.

Sam Donaldson

FIGURE 2-1 Categories of cancer causation in the general population. This figure illus-
trates the potential interaction of genes and the environment in the development of cancer.
For example, the absence of genetic (-) and environment (-) influences reults in the
development of a spontaneous tumor. SOURCE: Adapted from Knudson (1996). Reprint-
ed with permission.
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ing, particularly as advances in molecular biology and genome technology are
incorporated into epidemiologic strategies.

The earliest recorded observation of an environmental risk factor occurred
in Italy just over three centuries ago, when Bernardino Ramazzini reported an
unusually high frequency of breast cancer in Catholic nuns, which can now be
largely explained by reproductive factors and their effect on endogenous hor-
mones. The next milestone was in 1775, when the British surgeon Percivall Pott
(see Figure 2-2) discovered a cluster of scrotal cancer among young chimney

FIGURE 2-2 In 1775, Dr. Percivall Pott, a British surgeon, reported one of the earliest
observations on environmental cancer. SOURCE: U.S. Government.
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16 CANCER AND THE ENVIRONMENT

sweeps exposed to soot, which was subsequently found to contain mixtures of
carcinogenic polycyclic hydrocarbons.

Over the years, alert clinicians continued to provide an early clue for a series
of epidemiologic studies of environmental cancer, particularly by identifying
case clusters of tumors that were uncommon in the general population and ap-
peared related to a particular exposure (see Table 2-1).

The overall importance of the environment to cancer etiology can be rough-
ly gauged by the international variation in statistics, gathered from the periodic
volumes entitled Cancer Incidence in Five Continents, published by the Interna-
tional Agency for Research on Cancer. The differences between geographic ar-
eas with the highest and the lowest rates have ranged between 50- and 150-fold
for melanoma and for cancers of the nasopharynx, prostate, and liver, to about 5-
fold for leukemia (Table 2-2). Some of the geographic and ethnic variation can
be related to diagnostic and reporting practices, as well as genetic factors for
certain tumors such as melanoma, which tends to occur in fair-skinned popula-
tions. Nonetheless, the available evidence for most tumors suggests that environ-
mental factors may be driving the patterns: when cancer rates from the lowest-
risk countries were substracted from U.S. rates, it was estimated that perhaps 80
percent of all cancers in the United States are related in some way to environ-
mental factors and are, thus, potentially avoidable.

More persuasive evidence for environmental factors comes from studies of
migrant populations in which the risk of various cancers tends to shift away from
the country of origin toward that of the new country. In a case-control study of
breast cancer among Asian American women, the risk varied about sixfold ac-
cording to migration history. The risk was lowest in migrants from rural parts of
Asia who had lived less than a decade in the United States, and highest in those
born in the United States along with at least three grandparents. Thus, for breast

TABLE 2-1 Some Examples of Cancer and Environmental Exposure

Cancer Exposure

Scrotal cancer Chimney sweeps
Liver angiosarcoma Vinyl chloride
Acute leukemia Benzene
Nasal adenocarcinoma Hardwood dust
Bone sarcoma Radium
Multifocal skin cancer Arsenic
Mesothelioma Asbestos
Vaginal cancer DES
Kaposi sarcoma AIDS/HIV

NOTE: DES = diethylstilbestrol.
SOURCE: U.S. Government.
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cancer, it takes a few generations of acculturation for the rates in migrants to
approach the rates in the general U.S. population. Studies so far suggest that this
gradient in incidence is related partly to changing reproductive factors, a more
westernized diet, and an increase in height and body mass, as well as weight gain
during adult life, but there are probably other factors that have not yet been
detected.

Further evidence for environmental factors appears in the temporal variation
in incidence or mortality for certain cancers, although again the trends may be
influenced by improvements in detection and reporting. Based on recent statis-
tics from the National Cancer Institute’s (NCI’s) Surveillance, Epidemiology,
and End Results (SEER) program,1 a number of cancers are continuing to show
substantial average annual increases in incidence, including lung cancer among
women due to cigarette smoking; melanoma due largely to sunlight exposure;
pleural mesothelioma due to asbestos exposure; non-Hodgkin’s lymphoma in
part due to the AIDS epidemic, but largely unexplained; hepatocellular carcino-
ma due to hepatitis C virus infection; renal adenocarcinoma, particularly in Afri-
can Americans, possibly related to increases in obesity and the prevalence of
hypertension; and esophageal cancer.

When we divided esophageal cancer by cell type, again using data from the
SEER program, there was a remarkable increase in one cell type, esophageal

TABLE 2-2 International Variation in Cancer Incidence

Type of Cancer H/L Highest Rates Lowest Rates

Melanoma 155 Australia Japan
Nasopharynx 100 Hong Kong U.K.
Prostate 70 U.S. (blacks) China
Liver 50 China Canada
Cervix uteri 28 Brazil Israel
Stomach 22 Japan Kuwait
Lung 19 U.S. (blacks) India
Colon 19 U.S. (whites) India
Bladder 16 Switzerland India
Pancreas 11 U.S. (blacks) India
Ovary 8 N.Z. (Maori) Kuwait
Breast 7 Hawaii (Hawaiian) Israel (non-Jews)
Leukemia 5 Canada India

SOURCE: Parkin et al. (1992). Reprinted with permission.

1The SEER program collects and publishes cancer incidence and survival data from 11 population-
based cancer registries and 3 supplemental registries covering approximately 14 percent of the U.S.
population (see http://seer.cancer.gov for more information).
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adenocarcinoma. This tumor was once uncommon but is now rising more rapidly
than any other cancer, by about 8–9 percent per year. In a case-control study of
esophageal adenocarcinoma, we have found substantial excess risks associated
with gastroesophageal reflux and obesity. Gastroesophageal reflux is also in-
creasing in incidence and may lead to an intestinal-type metaplasia called Bar-
rett’s esophagus, a precursor to adenocarcinoma.

It is noteworthy that esophageal adenocarcinoma is much more common in
Caucasian men than in African American men, whereas squamous cell carcino-
ma is six times more common in African American men than in Caucasian men.
The vast majority of squamous tumors of the esophagus are strongly related to
drinking habits and, to a lesser extent, smoking habits and a low intake of fruits
and vegetables. In our case-control study of this tumor, we found that these risk
factors interact with one another and contribute to the higher rates in the African
American population. We also found a strong effect of low socioeconomic sta-
tus, which persists after adjusting for other risk factors, contributes to the ethnic
differential in risk, and probably reflects a correlated exposure (perhaps a virus
or dietary component) that has so far eluded detection.

Although the geographic variation of cancer within the United States is far
less pronounced than the international patterns, we thought that mapping cancer
mortality on a small-area scale (i.e., county level) might uncover spatial clusters
of the more common tumors. A strategy was developed, with a stepwise progres-
sion of studies ranging from detailed mapping and correlation studies that gener-
ated etiologic hypotheses, to field studies in high-rate areas that tested hypothe-
ses. We have recently published an updated atlas of cancer mortality among the
Caucasian and African American populations, with the maps and other displays
available on an interactive NCI Web site. The computer-generated maps in the
new atlas are shown at the level of both the county and the state economic areas
(combinations of counties with similar cultural and socioeconomic characteris-
tics) for two time periods, 1950–1969 and 1970–1994.

For lung cancer in men, the earlier maps showed elevated rates in urban
counties in the Northeast, but the highest rates by far were displayed in a string
of counties along the Southeast Atlantic Coast and along the Gulf Coast. In the
more recent maps, through 1994, there was a remarkable shift, with the elevated
rates moving from the urban Northeast and coastal areas to broad stretches across
the Southeast, a pattern that tracks the regional changes that have occurred in
smoking habits. The earlier maps for lung cancer prompted a series of case-
controlled studies in the high-rate coastal counties, which drew attention to the
unexpected scale and impact of asbestos exposures in shipyards, particularly
those operating during World War II, and to synergistic interactions between
asbestos and cigarette smoking.

Another unexpected finding from the earlier maps was the clustering of
elevated rates for oral cancer among women in the rural South. This pattern
prompted a case-control study in North Carolina that implicated the long-stand-
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ing practice of snuff dipping. The risks reached as high as fiftyfold for cancers of
the gum and buccal mucosa, the tissues in direct contact with the smokeless
tobacco product. The study promptly led to congressional hearings and regulato-
ry actions aimed at controlling the advertising and labeling of smokeless tobac-
co, educational campaigns aimed at young people, and laboratory studies that
implicated tobacco-specific nitrosamines as the likely carcinogen.

Since our first atlas was published, cancer mapping on a small-area scale
has become standard practice in virtually every nation with vital statistics. Most
remarkable have been the mortality patterns in China, where there is enormous
geographic variation that has provided special opportunities to study environ-
mental cancer. For example, the map for lung cancer among women revealed
very high rates in the northeast, where case-control studies have implicated sev-
eral indoor air pollutants as pulmonary carcinogens (such as cooking oil fumes
from wok cooking, polycyclic hydrocarbons from coal-heating stoves, and in-
door radon in poorly ventilated houses).

In some high-risk areas in China, intervention studies are under way to
clarify etiologic factors and hopefully develop preventive measures for certain
cancers. In an endemic area for squamous esophageal cancer associated with
poor nutritional status, the effects of vitamin and mineral supplements are being
evaluated, both in very high risk individuals who have esophageal dysplasia and
in the general population. Similar studies are under way in a high-incidence area
for gastric cancer, where it is possible to monitor through endoscopy the pro-
gression of precancerous lesions (ranging from atrophic gastritis to intestinal
metaplasia to dysplasia), which are present in virtually the entire adult popula-
tion. Since Helicobacter pylori infection is a major risk factor for this cancer, its
eradication by antibiotic therapy is one of the treatment arms in our study.

The epidemiologic study of risk factors in the U.S. population is far from
complete, particularly when exposure assessment is difficult—such as with diet
and environmental pollution—and when relative risks are small. As expected,
tobacco smoking is the main culprit, accounting for at least 30 percent of all
cancer deaths. Alcohol interacts with tobacco to cause tumors of the upper aero-
digestive system and liver, and also appears to be involved in breast cancer and
possibly in colon and pancreas cancer.

It is clear that diet- and nutrition-related variables, including obesity and
physical inactivity, are very important risk factors, but there are still many ques-
tions about their overall impact on cancer, as well as the specific causative and
protective elements in the diet, not to mention the role played by hormonal,
metabolic, and other alterations affected by nutritional status. Infectious agents
appear to contribute less to the cancer burden in the United States than in devel-
oping countries, where cancers of the liver (hepatitis B), cervix (human papillo-
ma virus), and stomach (H. pylori) are very common, but further studies are
needed on the possible role of viruses and bacteria in other tumors.

In addition, the impact of chemicals from occupational exposure, environ-
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mental pollution, and pharmaceutical agents still has to be clarified, as does
ionizing radiation to some extent, including indoor radon. Ultraviolet radiation,
of course, is the major cause of skin cancers, but these tumors are usually not
reflected in mortality data except for melanoma.

The greatest uncertainty at present is genetic or inherited susceptibility, but
there is growing evidence that its overall impact on cancer risk is likely to be
greater than previously estimated from the demographic patterns of cancer, the
low levels of familial risk for common tumors, the low frequency of hereditary
cancer syndromes, or the calculations based on twin studies that have sharply
partitioned genetic from environmental factors. In addition, as we learn more
about the role of genetic susceptibility and its pathways, we are likely to gain
further insights into the cancer risks associated with common exposures, includ-
ing dietary components, endogenous hormones, and environmental hazards, that
are acted upon by functional variants of candidate genes.

A great deal of progress has been made in linking hereditary cancer syn-
dromes to highly penetrant genes, mainly through family-based studies. As
shown in Table 2-3, most of the cloned genes have turned out to be tumor
suppressors, while others are proto-oncogenes (such as the RET gene in multiple
endocrine neoplasia type II) or mismatch repair genes that are associated with
familial nonpolyposis colon cancer. In general, once a gene is mapped to a
particular locus, cloning of the gene and characterizing its function soon follow.

As we learn more about the hereditary syndromes, it appears that many
consist of constellations of tumors that appear to share genetic pathways. This
can be seen with germline mutations of BRCA-1 and 2, which are associated
with breast cancer, ovarian cancer, and other tumors as well, and with the mis-

TABLE 2-3 Familial Syndromes and Cloned Tumor Suppressor Genes

Gene Locus Date

Retinoblastoma RB1 13q14 1986
Wilms’ tumor WT1 11p13 1990
Li–Fraumeni syndrome P53 17p13 1990
Familial adenomatous polyposis APC 5q21 1991
Neurofibromatosis 1 NF1 17q11 1990
Neurofibromatosis 2 NF2 22q11 1993
Von Hippel–Lindau syndrome VHL 3p25 1993
Familial melanoma 1 P16 9p21 1994
Tuberous sclerosis 2 TSC2 16p13 1993
Familial breast cancer 1 BRCA1 17q21 1994
Familial breast cancer 2 BRCA2 13q12 1995
Basal cell nevus syndrome PTC 9q22 1996

SOURCE: Adapted from Knudson (1996). Reprinted with permission.
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match repair genes that predispose to cancer of the colon, endometrium, and
other sites.

The most striking example of this phenomenon is a familial constellation of
cancers among children and young adults that features extremely high risks for
soft tissue and bone sarcomas, and breast cancer, along with excesses of brain
tumors, acute leukemia, and adrenocortical neoplasms (Li–Fraumeni syndrome).
Our recent experience with these families suggests that there are excesses of
other cancers arising at an early age, but at lower levels of relative risk. As in
other hereditary syndromes, the affected individuals often develop multiple pri-
mary cancers, including a predisposition to sarcomas associated with radiothera-
py, indicating gene–environment interaction. The variety of tumors in this syn-
drome has helped to dispel an earlier notion that inherited susceptibility to cancer
is site-specific or tissue-specific, and is thus in line with molecular studies sug-
gesting that fundamental biological mechanisms controlling susceptibility and
cell proliferation are shared by several, if not all, forms of cancer. In the case of
Li–Fraumeni syndrome, the search for an underlying mechanism was unreward-
ing until the molecular technology was available to uncover germline mutations
of p53 in most families. This finding was of special interest, since alterations of
this tumor suppressor gene are somatically acquired in more than 50 percent of
all cancers in the population.

It is important to note that even for highly penetrant cancer genes such as
p53 or the retinoblastoma gene RB-1, tumor expression may be affected by other
modifying genes or by environmental exposures, such as radiotherapy and smok-
ing. In our cohort study of hereditary retinoblastoma, we found that half the
cases developed second cancers by age 50, particularly sarcomas, melanomas,
and brain tumors. The cumulative risks were 58 percent in the irradiated group
and 26 percent in those who received no radiotherapy, suggesting an interaction
between the RB-1 gene and radiation. An extended follow-up of this group has
revealed a significant excess of lung cancer that is limited to smokers, again
consistent with gene–environment interaction. In contrast, there has been no
excess risk of second cancers among the cases with nonhereditary retinoblasto-
ma.

Although the single-gene mutations associated with hereditary cancer are
highly penetrant and tend to carry high relative and absolute risks, they are
relatively rare and appear to account for a small percentage of cancers overall.
On the other hand, the polymorphic susceptibility genes or genetic variants are
generally associated with low penetrance and low relative and absolute risks, but
they are very common in the population (more than 1 percent) and may be
involved in a high proportion of cancers through biologic interactions with envi-
ronmental or endogenous exposures.

It is clear that family studies and linkage analyses have been highly success-
ful in identifying major genes and helping to revolutionize our understanding of
carcinogenic mechanisms, and they can still provide insights into interactions
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with other genes and with epigenetic and environmental factors that modulate
risk. However, it now appears that population studies of a case-control or cohort
design are needed to clarify and quantify the risks associated with common
susceptibility genes and their interactions with exposures.

The first associations linking cancer to these genetic variants involved the
so-called metabolic genes, including the cytochrome P-450 activating genes such
as CYPIA1 and CYP2E1, and the conjugating or detoxifying genes such as
GSTM1 and NAT2. By knowing the substrate and the metabolic pathway of the
gene, one may learn about mechanisms and the exogenous or endogenous car-
cinogens that are otherwise difficult to identify. For example, a metabolite of
alcohol—acetaldehyde—has been implicated by the heightened risk of alcohol-
related oral cancer associated with a rapid-acting genotype of alcohol dehydro-
genase-3, which accelerates the metabolism of alcohol to acetaldehyde. In Japan,
a gene variant of aldehyde dehydrogenase, which blocks the metabolism of ace-
taldehyde to acetate, has been linked to oral and esophageal cancer risk. These
two observations point to acetaldehyde as the likely carcinogen in alcohol-relat-
ed cancer.

In addition, a protective effect of dietary folate on colon cancer risk is sup-
ported by the relation to a methylenetetrahydrofolate reductase gene, while vari-
ous estrogen- and androgen-metabolizing genes are under active study for breast
and prostate cancer.

More recently, research on genetic variants has broadened to include other
functional classes of cancer susceptibility genes that have more distal or down-
stream effects. These include polymorphisms affecting DNA repair and process-
ing, cell cycle control, immune function, inflammation, growth factors, apopto-
sis, and angiogenesis.

Further study of interactions between relatively common alleles and expo-
sures will rely on case-control studies, which may be population or hospital
based, but are often embedded within prospective studies. These studies will
require sufficent sample sizes for statistical power to evaluate gene–gene and
gene–environment interactions, especially when the effects are multiplicative. It
also is important to ensure careful epidemiologic design with appropriate control
groups, as well as highly accurate genotyping and exposure assessment, which
may include acquired genetic biomarkers such as macromolecular adducts and
mutational “fingerprints” of exposure. Any misclassification of the gene or the
exposure will greatly decrease the power of the study and increase the sample
size needed to show an effect.

The challenges to population studies are formidable but they can be met.
Large sample sizes are possible through collaborative multicenter studies. The
development of simple, noninvasive approaches to collecting genomic DNA,
such as the mouthwash rinse to collect buccal cells, should decrease the costs of
sample collection and improve participation rates. The studies will require not
only sound epidemiology, but also specimen processing and repository facilities,
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and close collaboration between epidemiologists, molecular biologists, genomi-
cists, and bioinformaticians.

Despite efforts to ensure high-quality and cost-effective experience in geno-
type data, the sheer volume of information and the complexity of interactions
will generate a prodigious number of multiple comparisons and false-positive
findings—more so when it becomes possible to conduct whole-genome scans
and subclassify tumors on a molecular basis, not to mention new technologies
and developments in proteomics and other areas. To avoid publication bias and
assist in interpretation, it would seem important to report all the tests that are
conducted in a particular study and to make available all negative as well as
positive results through comprehensive databases. A major problem at present is
the blizzard of positive associations that are being reported on almost a daily
basis and are followed in due course by a flurry of contradictory observations by
other investigators. Whenever possible, it would seem important to assemble a
coalition of research groups to coordinate approaches and conduct parallel case-
control studies that can provide quick replication of positive or negative find-
ings, using independent data sets prior to publication.

Other potential difficulties with population-based designs include linkage
disequilibrium, in which the candidate gene may be a marker allele rather than a
disease allele itself, but this problem can be minimized by further progress in
sequencing the genome and understanding the biologic relevance of the allele.
The potential for population stratification, also known as ethnic confounding,
can be handled in the main by appropriate epidemiologic techniques.

In conclusion, the available epidemiologic evidence indicates that while en-
vironmental exposures drive the demographic patterns for most cancers, there
are growing indications that gene vari-
ants may have a sizable impact on can-
cer development by modifying the ef-
fects of exogenous or endogenous risk
factors and by helping to uncover low
levels of relative risk from common ex-
posures in genetically susceptible sub-
groups. The identification of susceptibil-
ity or modifier genes should also help
identify potential carcinogens and pro-
tective factors acted upon by the gene
products and should provide insights
into mechanisms and interactions that will multiply the opportunities for preven-
tive intervention.

The National Institutes of Health has moved in various ways to seize the
opportunities in this important area, such as the initiatives of the environmental
genome project coordinated by the National Institute of Environmental Health
Sciences. Another blueprint is sketched out in the NCI Bypass Budget Proposal

The big challenge for epidemiology now
is to develop strategies to ensure that
the advances in human genomics are
incorporated appropriately into
population studies, as well as family-
based, and hybrid studies.

Joseph Fraumeni
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for Fiscal Year 2002, which summarizes the extraordinary opportunities for in-
vestment in cancer research. In a chapter entitled “Genes and the Environment,”
NCI outlines a series of objectives and plans that combine epidemiologic and
molecular approaches in ways that may enlarge our understanding of cancer
etiology and inform new clinical and public health approaches aimed at prevent-
ing and controlling cancer. The big challenge for epidemiology now is to devel-
op strategies to ensure that the advances in human genomics are incorporated
appropriately into population studies as well as family-based and hybrid studies
(consisting of population and family-based components) and that these studies
have the power and sensitivity to dissect the environmental and genetic influenc-
es on cancer risk.
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The Links Between Environmental Factors,
Genetics, and the Development of Cancer

The past decade has witnessed important advances in the understanding of
factors that influence cancer risk. Several environmental factors continue to sur-
face as potentially instrumental in explaining the wide global variation in the
incidence and biological behavior of various tumors. For example, discoveries
that both essential and nonessential dietary nutrients can markedly influence
several key biological events—including cell cycle regulation, processes involved
in replication or transcription, immunocompetence, and factors involved with
apoptosis, or programmed cell death—have strengthened convictions that spe-
cific foods or components may markedly influence cancer risk.

Analyses of the incidence of cancer in twin pairs and in families are tradi-
tional methods for answering questions about the relationships between cancer
etiology, genes, and the environment. Sorting out the relative roles of each in the
initiation and progression of cancer can lead to clearer elucidation of how shared
environmental influences can disparately affect the health of individual members
of a community, that is, why some people exposed to a specific agent develop
cancer when others do not.

Finally, although environmental, occupational, and recreational exposures
to carcinogens contribute to cancer risk in humans, variation in incidence and
progression of cancers among individuals can be attributed to interindividual
variation in genetic makeup. Recent research has identified functional polymor-
phisms that influence an individual’s cancer risk and has focused on gene prod-
ucts involved in activation and detoxification of carcinogens and DNA repair.
Gene polymorphisms that are important in apoptosis will increasingly be recog-
nized as clues to individual susceptibility to cancer, explaining why individuals
with shared environmental exposures do not always share cancer morbidity and
mortality.
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DIET AS A MODIFIER OF CANCER RISK

There are unprecedented opportunities for using the food supply to achieve
genetic potential, that is, to optimize our performance and reduce the risks of

diseases, said John Milner, Department
of Nutrition, Pennsylvania State Univer-
sity. Although 80 percent of cancers are
related to environmental factors, the in-
fluence of diet in the development of
cancer is somewhat uncertain. However,
the general consensus is that approxi-
mately 35 to 40 percent of cancers relate
to dietary habits, although the range
might be quite large.

Even though science has come a
long way in understanding what factors are important in controlling cancer risks
or modifying health in general, we still do not really know who is going to
benefit, and under what circumstances, said Milner. In fact, we do not yet know
if there are some people who would be placed at risk because of exaggerated
intakes of certain types of foods or food components. The whole issue of the role
of diet in health is exceedingly complex when trying to assess the relative roles
of individual foods as they relate to overall cancer risk. There are some areas of
agreement, however, said Milner. More than 80 percent of the studies that have
been published reveal a reduction in cancer risk with an increase in fruit and
vegetable consumption. However, there is considerable variability among popu-
lations, suggesting that a person’s genetics may be important in determining the
response. He added that we need to have a better understanding of how genes are
involved in the cancer process and how individual nutrients can modify these
genes and ultimately influence the probability of developing cancer.

Some of the strongest evidence linking diet and cancer comes from the
epidemiological observation that increased vegetable and fruit consumption is
associated with a reduction in the risk for cancers of the mouth and pharynx,
esophagus, lung, stomach, colon, and rectum. Likewise considerable evidence
points to a host of essential and nonessential nutrients as modifiers of cancer risk
at a variety of sites. Milner noted that part of this variation in cancer risk may
arise from variation in the intake of one or more essential nutrients supplied by
either plant or animal food sources. Vegetables derived from various parts of
plants including roots (e.g., carrots, parsnips), leaves (e.g., spinach, lettuce),
flowers (e.g., artichoke, broccoli), stalks (e.g., celery, rhubarb), and seeds (e.g.,
corn, peas), as well as a host of fruits, provide thousands of chemically diverse
phytonutrients that may contribute to these observations. Some of these
phytonutrients—including flavonoids, carotenoids, organosulfides, and

The influence of diet in the
development of cancer is somewhat
uncertain. However, the general
consensus is that approximately 35 to
40 percent of cancers relate to dietary
habits

John Milner

Copyright © National Academy of Sciences. All rights reserved.

Cancer and the Environment: Gene-Environment Interactions
http://www.nap.edu/catalog/10464.html

http://www.nap.edu/catalog/10464.html


ENVIRONMENTAL, GENETICS, AND CANCER 27

isothiocyanates—have been the focus of recent research to determine both their
effects on risk and their mechanisms of action.

Despite the clear linkages that have been found between the risk of develop-
ing some types of cancers and dietary patterns, inconsistencies have been de-
tected, which might reflect the multifactorial and complex nature of cancer, the
specificity that individual dietary constituents have in modifying specific genetic
pathways, and the temporal relationship between dietary intervention and pheno-
typic changes in tumor incidence or behavior. The chemical and biological di-
versity of dietary components in combination with a range of molecular targets
makes pinpointing the importance of diet in various cancers a challenge, empha-
sized Milner. It is likely that this challenge will be augmented by advances in
cell biology and epidemiology. For instance, when limonene (found in citrus
fruits) is added to tumor cells it has been found to enhance several genes while
suppressing others. Since several of the identified genes are involved in the
pathways leading to apoptosis, it is possible that agents such as limonene could
play a role in the cell signaling involved in programmed cell death. Similarly,
studies with a variety of other nutrients, including selenium, isothiocyanates, and
allyl sulfide, have been reported to modify at least 20 different gene products
associated with cancer prevention.

In addition, knockout and transgenic animals can provide important clues
about the specific site of action of dietary components. The use of these genomic
technologies to evaluate the effects of nutrients offers exciting opportunities for
determining which cellular change is most important in bringing about a change
in the incidence or behavior of a tumor.

Preclinical evidence suggests that
diverse dietary constituents including se-
lenium, allyl sulfur, genistein, and
resveratrol can influence the same ge-
netic pathways associated with tumor
cell proliferation and apoptosis. Such
common effects raise concerns about
potential interactive and cumulative ef-
fects among nutrients, said Milner. In
addition, compounds such as diallyl di-
sulfide, which is found in crushed gar-
lic, can actually suppress the growth rate
of cells, and indole-3-carbinol, found in
cabbage, can shift estradiol metabolism, which can affect tumor formation. The
only problem, said Milner, is that we may have to consume about three-quarters
of a pound of cabbage a day and several cloves of garlic to bring about a re-
sponse. We know of a few examples where isolated food components and intact
foods do not bring about the same biological response. Thus, a reductionist

A reductionist approach to diet and
cancer prevention may produce
oversimplifications and confusion. We
clearly need to know what the
mechanisms are that account for
specific bioactive food components but
must also recognize that we eat whole
foods.

John Milner
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approach to diet and cancer prevention may produce oversimplifications and
confusion. We clearly need to know what the mechanisms are that account for
specific bioactive food components but must also recognize that we eat whole
foods.

Astonishing strides have been made in understanding how molecules and
genetic pathways differ in precancerous and malignant cells and from their nor-
mal counterparts. Capitalizing on the differences in cellular signatures that are
characterized by active and inactive genes and cellular products could assist in
determining who should and should not benefit from intervention strategies.
Clearly, added Milner, such information will help clarify the reason for discrep-
ancies among preclinical, epidemiological, and intervention studies.

At least part of the variation in response to dietary components can probably
be explained by the consumer’s genetic profile. It is now becoming apparent that
the prevalence of polymorphisms is variable among studied populations, and
these differences could influence the response to diet. Evidence exists that ge-
netic polymorphisms may modulate cancer risk through their influence on folate
metabolism. For example, epidemiologic studies have reported that the relation-
ship between dietary folate and colorectal cancer risk is influenced by polymor-
phism in methylenetetrahydrofolate reductase activity. Variation in the response
to folate metabolism is not unique since other studies suggest that variation in
receptors for vitamin D may also be linked to cancer risk. Considerably more
information is needed about how genetic polymorphisms influence the response
to dietary components and ultimately cancer risk, added Milner.

Unquestionably, cancer is intertwined with environmental factors including
diet. Strategies to prevent cancer through modification of either diet or specific
dietary patterns will probably not be uniformly effective for all individuals, said
Milner. He stressed that a better understanding of gene–nutrient interactions will
be needed to determine those who might benefit most from dietary intervention
and those who might be placed at risk. For example, there are data suggesting
that some women who consume large amounts of fruits and vegetables may be at
increased risk of giving birth to children with infantile leukemia. These women
appear to have a reduced ability to remove some of the flavonoids from their
system, which thus accumulate and become toxic to the developing fetus. Al-
though in most cases there likely will be benefits from increased consumption of
fruits and vegetables during pregnancy, in a small subset of the population an
opposite response may occur. Future research in nutrition and cancer prevention
must give top priority to studies that seek to understand the basic molecular and
genetic mechanisms by which nutrients influence the various steps in carcino-
genesis. “By understanding the importance of the genetic profile, we can identify
who is going to benefit and who is not going to benefit from dietary interven-
tion,” concluded Milner.
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GENETIC EPIDEMIOLOGY AS A TOOL FOR STUDYING GENE–
ENVIRONMENT INTERACTIONS

Mounting evidence supports the concept that cancer is generally a polygenic
multifactorial disease, which makes environment an important modifier in the
risk of cancer, stated Kari Hemminki, Karolinska Institute. It is estimated that
only 1 percent of cancers are caused by “cancer syndromes” and up to 5 percent
result from highly penetrant single-gene mutations; thus, the majority are poly-
genic. Studies with various animal and in vitro models, initiation and promotion
models, adenoma carcinoma models, and immortalized human cells provide evi-
dence that polygenic mechanisms are important in cancer, at least in experimen-
tal systems.

Almost all of the known cancer syndromes are monogenic and conform to a
two-stage model of development; that is, they require inactivation of two copies
of a tumor suppressor gene in order to initiate. These syndromes tend to be
dominant Mendelian conditions, which can be assessed in family studies cover-
ing two or more generations. However, such studies provide no data on recessive
Mendelian conditions and have a limited resolving power in polygenic condi-
tions. Consequently, apart from highly penetrant single-gene mutations, the risks
posed by low-penetrance single-gene mutations, polygenes, and recessive genes
are poorly understood.

Hemminki described a study of data obtained from 44,000 same-sex twin
pairs to assess cancer risks for co-twins of twins with cancer. There were almost
10,000 pairs in which one of the members had cancer. The analysis of environ-
mental and inherited contributions was based on correlations between monozy-
gotic twins who share the genome completely, that is, 100 percent concordance
in their genomes. A similar concordance was carried out with dizygotic twins,
the difference being the assumption that only 50 percent of the genes are com-
mon. The assumption is that the environment is affecting monozygotic and dizy-
gotic twins similarly. Some of these different effects will then be 100 percent, or

Twin studies as tools for understanding genes,
the environment, and cancer

Genetic: if monozygotic twins are more similar for a given trait than dizygotic twins

Shared Environment (e.g., diet and childhood experiences): if there is twin simi-
larity not accounted for by genetic effects

Nonshared Environment: anything that is not hereditary and not shared between
relatives, that is, sporadic causes of cancer
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1. The nonshared random environmental effect was the largest factor for all
cancers, accounting for 58 to 82 percent of the total variation (Table 3-1)
(Lichtenstein et al., 2000). Statistically significant heritability estimates were
detected for cancers of the colorectum (35 percent), breast (27 percent), and
prostate (42 percent). The estimates for shared environmental effects ranged
from 0 to 20 percent, but none were statistically significant.

A Swedish family cancer database, containing 10 million people, is the
largest population-based data set ever used for studies on familial cancer, said
Hemminki. The data are used to develop estimates for the environmental and
inherited components in cancer, using the genetic relationships among family
members to calculate the effects of genotype, shared environment, and nonshared
environment. The database has been used in modeling cancer causation and has
revealed that environmental causes explained most of the total variation for all
neoplasms except thyroid cancer, for which heritable causes were largest. There
also appears to be a subgroup of cancer patients who develop a second cancer to
which there is a strong genetic predisposition, that often cannot be predicted by a
family history. This phenomenon is typical of polygenic disease.

Hemminki reported that the twin and family data quantified nonshared envi-
ronmental effects as ranging from 40 to 90 percent for different cancers. It is of
interest to note that this effect was large for some cancers of identified environ-
mental causes, such as lung and cervical cancers. In contrast, shared environ-
ment—common family experiences and habits—accounted for 0 to 30 percent of
cancer etiology. For all cancer, the genetic effect was estimated to be 26 percent;
however, there is evidence supporting heritability for all cancers.

TABLE 3-1 Heritable and Environmental Effects from Twin Studies

Proportion of Variance Attributed to

Heritable Shared Nonshared
Cancer Effects Environmental Effects Environmental Effects

Stomach 0.28 0.10 0.62a

Colorectum 0.35a 0.05 0.60
Lung 0.26 0.12 0.62a

Breast 0.27a 0.06 0.67a

Cervix uteri 0 0.20 0.80a

Ovary 0.22 0 0.78a

Prostate 0.42 0 0.58
Bladder 0.31 0 0.69
Leukemia 0.21 0.12 0.66a

a95% does not include 0.0.

SOURCE: Lichtrnstein et al. (2000). Reprinted with permission.
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The data presented by Hemminki on twins, families, and second cancers
provide additional support to the multistage theory of carcinogenesis. If most
cancers are indeed polygenic, this should be adequately considered in study
designs for gene mapping approaches. Linkage analysis in families of multiple
affected individuals is not sufficient to identify cancer-related genes, said
Hemminki. Instead, what are needed are large case-control studies with stringent
clinical criteria so that the different types of cancer can be distinguished and
there is a large enough sample size to enable even the rare homozygotes to be
scored, emphasized Hemminki. In addition, it will be important to study people
with multiple cancers or second cancers, because they can provide a good indi-
cation of whether polygenic effects are operating.

MOLECULAR CARCINOGENESIS, MOLECULAR EPIDEMIOLOGY,
AND HUMAN RISK ASSESSMENT

The macroenvironment—our lifestyle, the air we breathe, the food we eat,
the chemicals we are exposed to, as well as viruses, radiation, and physical
agents we come in contact with—that combines with the microenvironment of
our cells to either prevent or enhance carcinogenesis was described by Curtis
Harris, National Cancer Institute (see Figure 3-1; Wang et al., 1997).

In addition, a great deal of interindividual variation in our genetic makeup
plays a role in the incidence and variability of cancer. Much of the work on
identifying functional polymorphisms that influence an individual’s cancer risk
has focused on gene products involved in the activation and detoxification of
carcinogens and, more recently, on DNA repair.

The idea that genomic instability might play a role in cancer is also an old
one. Aneuploidy was recognized in the nineteenth century and was postulated to
play a role in some cancers. More recently, tripolar spindles of DNA have been
associated with the overexpression of an oncoprotein from the hepatitis B virus,
which could explain how the virus contributes to hepatocellular carcinoma.

In the 1970s and 1980s a set of genes, called tumor suppressor genes, was
elucidated, one of which was called p53. These genes are so named because they
prevent cancer by recognizing defective cell programming. The p53 gene recog-
nizes the signal created by a precancerous condition and responds by killing the
cell by a process called programmed cell death, or apoptosis. It has subsequently
been shown that p53 mutations are common in diverse types of human cancer,
where they are involved in genomic instability. The gene is involved in some
pathways of apoptosis and cell cycle control, and among its many functions, it is
a transcription factor. It suppresses some genes and upregulates others. It is at
the crossroads of multiple cellular stress response pathways, DNA damage of
varying kinds, hypoxia, and oncogene activation. (Figure 3-2).

In 1979, the p53 tumor suppressor gene was identified. It has been the
subject of intense research in the past 20 years and is involved in many cellular
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responses including differentiation, DNA repair, inhibition of angiogenesis, and
apoptosis—programmed cell death.

It is suggested that p53 plays a role in the development of cancer through
mutation at various sites. Knockout mice missing p53 can develop normally, but
they are highly tumor prone. Molecular studies estimate that approximately half
of all human cancers, including some forms of skin, lung, and liver cancers,
carry p53 mutations. Interestingly, the mutational sites in radon-associated lung
cancer differ from lung cancer caused by tobacco smoking alone. These differ-
ences may have implications for cancer diagnosis and treatment in the future.

Cancer formation is a multistage process involving the activation of proto-
oncogenes and the inactivation of tumor suppressor genes. Harris explained how
carcinogens could affect any of these stages through genetic and epigenetic
mechanisms.

FIGURE 3-1 Multiple genes (GeneN) can interaction with a number of environments
(EnvironmentN) in the development of cancer. SOURCE: Harris (1997). Reprinted with
permission.
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Examining the mutational spectra of cancer-related genes (e.g., p53, BRCA1,
and p16INK4) may provide a molecular link between etiological agents and hu-
man cancer. For example, mutations in the evolutionarily conserved codons of
the p53 tumor suppressor gene are common in diverse types of human cancer,
and the p53 mutational spectra differ among cancers of the colon, lung, esopha-
gus, breast, liver, brain, reticuloendothelial tissues, and hemopoietic tissues.
Analysis of these mutations can provide clues to the mutagenic mechanisms and
the function of specific regions of p53. Genetic polymorphisms are likely to play
a role in the risk of lung cancer in smokers, ex-smokers, and individuals exposed
to secondhand smoke. For example, women with a GST-null (glutathione S-
transferase) genotype have about a twofold increased risk of developing lung
cancer, and if they are exposed to high levels of environmental tobacco smoke,
the risks are five- or sixfold higher. The hypothesis that women are more suscep-
tible than men to tobacco-smoke-induced lung cancer is another controversial
area deserving study, said Harris. Studies show more carcinogen-induced DNA
damage in lungs of women than men who smoke, possibly due to a relative
decrease in DNA repair capacity in women versus men.

Much of the work in the field right now is investigating the mechanisms that
lead to the activation of p53, largely through the kinase pathways. Studies are
concentrating on the type and location of mutations found in the p53 gene in a
variety of cancers. For example, in liver tumors from persons living in geo-
graphic areas where aflatoxin B1 and hepatitis B virus are cancer risk factors,

FIGURE 3-2 The p53 gene: at the crossroads of the cellular response. SOURCE:  Harris
(2000). Reprinted with permission.
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most p53 mutations are at the third nucleotide pair of codon 249. A dose-depen-
dent relationship between dietary aflatoxin B1 intake and codon 249ser p53 muta-
tions is observed in hepatocellular carcinoma. Exposure of human liver cells to
aflatoxin B1 in vitro produces specific p53 mutants; the mutation load in vivo is
positively correlated with dietary aflatoxin B1 exposure. These results demon-
strate that the expression of a specific mutant p53 protein provides a specific
growth or survival advantage to liver cells.

Other associations between the p53 mutational spectra and exposures to
carcinogens have been observed. For example, the induction of skin cancer by
ultraviolet light is accompanied by specific p53 mutations. In another example,
the p53 mutational spectrum in radon-associated lung cancer from uranium min-
ers differs from that in lung cancer caused by tobacco smoking alone, noted
Harris. These genetic changes in the tumor suppressor genes have implications
for cancer diagnosis, prognosis, and therapy, according to Harris.

The association of a suspected carcinogenic exposure and cancer risk in
populations can be studied with classic epidemiologic techniques. However, these
techniques are not applicable to the assessment of risk in individuals, stressed
Harris. A goal of molecular epidemiology is to integrate molecular biology, in
vitro and in vivo laboratory models, biochemistry, and epidemiology to infer
individual cancer risk. Carcinogen–macromolecular adduct levels, somatic cell
mutations, and DNA adducts can be measured to determine the biologically
effective dose of a carcinogen. Molecular epidemiology also explores host can-
cer susceptibilities, such as carcinogen metabolic activation, DNA repair, endog-
enous mutation rates, and inheritance of mutated tumor suppressor genes.

Substantial interindividual variation for each of these biologic end points
has been shown, highlighting the need to assess cancer risk on an individual
basis. As Ernst Mayr (1982) wrote in The Growth of Biological Thought, “In
biology one rarely deals with classes of identical entities, but nearly always
studies of populations consisting of unique individuals.” There is a wide varia-
tion from one individual to another in the ability to metabolically activate and
damage DNA. Given the pace of the past decade, said Harris, it is feasible that
future advances will allow molecular epidemiologists to develop a cancer risk
profile for an individual that includes assessment of a number of exposure and
host factors. Cancer-related genes, such as p53, provide a useful molecular link
between environmental agents and cancer itself. This will help focus preventive
strategies and strengthen quantitative risk assessments.

SUMMARY

Cancer is the second leading cause of mortality in the United States today,
resulting in more than half a million deaths each year. Although recent data
show a downward trend in mortality rates due to cancer—mostly as a result of
early detection and improved therapies—the incidence of some cancers is in-
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creasing. Important advances have increased our understanding of the factors
that influence cancer risk, explaining in part why some cancer rates are increas-
ing while others are decreasing, and guiding us closer to the means to reverse
adverse trends.

A growing body of knowledge dramatically illustrates the influence of the
environment, genes, and their interactions in the international variation reported
in cancer incidence. A variety of linkages clearly exist between environmental
exposures, diet, lifestyle factors, and cancer. Genetic factors also are known to
be involved in the predisposition to and development of some cancers. Recent
progress in identifying and characterizing highly penetrant susceptibility genes
in familial cancer has revolutionized our understanding of the critical genetic
mechanisms in cancer etiology. Studies that combine genetic analysis with as-
sessment of exposures and diet can explain why not everyone exposed to a
particular cancer-causing chemical will develop cancer. Genetic research also is
shedding light on why some cancer patients respond to therapy and others do
not.

The interactions of multiple modifier genes with various environmental fac-
tors—that is, gene–environment interactions—explain why cancer rates vary
across populations, among exposed groups, and even within families. The re-
search community is now studying cancer with an expanded and enhanced view
of environmental health and exposures that include factors such as diet, lifestyle,
metabolic alterations, socioeconomic status, and various environmental expo-
sures.
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Gene–Environment Interaction in
Special Populations

One of the challenges in cancer research and prevention is to ensure that the
benefits in cancer prevention and treatment are available to individuals from all
areas of the United States regardless of gender, socioeconomic status, age, ethnic
origin, or migration. The workshop planning group, recognizing the need to look
at research in diverse communities, devoted a session of the agenda to discuss
advances and research in these areas. One challenge according to Armin
Weinberg, Baylor College of Medicine, is the need to continue to describe and
understand what researchers call special populations, priority populations, and
vulnerable populations. “It is important to describe these populations, but not to
label them” said Weinberg. As we continue to go forward in our research, we
will most likely find that within communities and groups, there are subgroups.
These subgroups will have issues and special circumstances that will have to be
addressed.

HEALTH DISPARITIES

According to Lovell Jones, M.D. Anderson Cancer Center, “When we ap-
proach efforts to deal with the lack of real progress in addressing health dispari-

ties, we tend to fall back on what we did
before. It may be under a different name
or it may be packaged in a different box,
but ultimately it is the same strategy. In
other words, if you always do what you
have always done, we will always get
what we already got.” He added that

more data are needed to document the reality of health disparities, to character-
ize them accurately, and to determine their causes. Disparities are not necessarily
racially or ethnically linked; they can be associated with lack of insurance, ac-
cess to medical care, age, employment status, and migration patterns. Nonethe-

We need new approaches to effectively
deal with health disparities.

Lovell Jones

Copyright © National Academy of Sciences. All rights reserved.

Cancer and the Environment: Gene-Environment Interactions
http://www.nap.edu/catalog/10464.html

http://www.nap.edu/catalog/10464.html


GENE–ENVIRONMENT INTERACTION IN SPECIAL POPULATIONS 37

less, minorities, the poor, the medically
underserved, and children suffer dispro-
portionately from these burdens in terms
of health disparities.

In some racial and ethnic groups,
cancer rates are higher and accelerating,
according to Jones (see Newell, 1988).
The reasons for these disparities may in-
clude the environment, hormones, and
genetics but also involve socioeconomic status. “Although racial classifications
are a social construct, these classifications continue to have an impact on the
health of this nation,” said Jones, adding that “health is probably the best indica-
tor of the failure of this nation to address the issue of skin color and social class
and the future well-being of this nation.” Because we do not apply what we
know about prevention and treatment equally to all parts of society, we are not
achieving the health gains that are currently possible.

Higher income permits increased access to medical care and enables people
to afford better housing, live in better neighborhoods, and have opportunities to
promote their health behaviors. Higher incomes also tend to help people partici-
pate in clinical research studies, said Weinberg; thus, disparities in access to
health care can affect enrollment in research studies. Demographic studies of
cancer must consider the diversity within affluent groups as well as within less
economically affluent groups.

INFLUENCE OF MIGRATION

Researchers have to consider immigration patterns and countries of origin
because these factors play a primary role in predisposition to cancer. Individuals
from many geographic locations have different diets, exposures, and degrees of
acculturations but are commonly grouped together. For example, the “Hispanic”
group in the United States consists of individuals who have migrated from
Mexico, South America, Cuba, the U.S. territory of Puerto Rico, as well as those
born in the United States. Further, even though the vast majority (64–65 percent)
of all Hispanics in the United States are Mexican Americans, there may be
differences among this group. As seen in Figure 4-1, three distinct Mexican
American populations have migrated to the United States. Although they are all
grouped as Mexican Americans, they will have some differences in diet and
exposure. What this suggests is that the outcomes of a study of Hispanics in
Texas may differ from those of Hispanics in California.

As we address issues in cancer, “we need to remember that one size does not
fit all,” said Jones. Within special populations, vulnerable groups, or ethnic mi-
norities, we have to remember that not all members are the same polymorphi-
cally and that children are not small adults.

Because we do not apply what we
know about prevention and treatment
equally to all parts of society, we are
not achieving the health gains that are
currently possible.

Lovell Jones
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CANCER DISPARITIES IN APPALACHIA

The National Cancer Institute (NCI) has stated that it considers rural resi-
dents to constitute a vulnerable population because rural Americans tend to be
older, poorer, less educated, and more likely to be uninsured than their urban
counterparts. In addition, rural communities have higher rates of chronic illness
and disability and report poorer overall health status than urban communities.
Residents in rural areas generally have less contact and fewer visits with physi-
cians and lower levels of preventive care. In addition to factors related to rural
health status and practices, there are systemic factors related to rural life in
general—for example, lack of public transportation and lower levels of other
community services—that may also contribute to less-than-optimal cancer con-
trol.

All of these factors are evident in the largely rural and predominantly white
population of Appalachia, particularly in the Central Highlands, said Gilbert
Friedell of the Markey Cancer Control Program in Lexington, Kentucky. Age-

FIGURE 4-1 Geographical influence on migration. Migration patterns from Mexico
show three distinct Mexican American populations that have migrated to the United States.
SOURCE: L. Jones unpublished. Reprinted with permission.
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adjusted cancer mortality rates for Appalachia are higher than those in the rest of
the United States. Lung cancer is a leading cause of male cancer deaths in central
Appalachia—with the highest incidence
in Appalachian Kentucky, the geo-
graphic area with the highest rate of
cigarette smoking in the state.

The incidence of invasive cervical
cancer and lung cancer in eastern Ken-
tucky is higher than the incidence of
these cancers in the overall Kentucky
population (see Table 4-1). It is, how-
ever, quite similar to the incidence of
lung cancer and cervical cancer in the
predominantly urban, African American
population of Kentucky. Poverty is a common characteristic of these two groups,
said Friedell. Some of the counties in Appalachian Kentucky, for example, are
among the poorest in the country and have the lowest levels of literacy. The use
of race and ethnicity as surrogates for poverty has obscured the fact that the
problems related to cancer in the poor white population are comparable in many
ways to those seen in recognizable minority populations, added Friedell.

Individuals living in poverty often do not receive quality health care, includ-
ing cancer prevention, diagnosis, treatment, and appropriate follow-up care be-
cause services are not available, accessible, or utilized. In addition, certain be-
havioral risk factors, such as tobacco use, poor nutrition, obesity, and
underutilization of cancer screening examinations, are more prevalent in impov-
erished populations. Friedell pointed out that “the social environment in which
poor people live prevents the development of healthy behaviors.” However, until
cancer surveillance incorporates socioeconomic status, the relationship between
poverty and cancer in population groups will be difficult to sort out, said Friedell.

TABLE 4-1 Age-Adjusted Cancer Incidence Rates (per 100,000
population), 1995–1997

Kentucky

Site Overall White Black Appalachiaa

Lung 85.03 84.35 97.18 98.25
Invasive cervix 10.99 10.82 13.76 13.34

aBig Sandy, Kentucky River, and Cumberland Area Development Districts.

SOURCE:  Friedell et al. (1999). Reprinted with permission (Kentucky Cancer Registry).

The use of race and ethnicity as
surrogates for poverty has obscured the
fact that the problems related to cancer
in the poor white population are
comparable in many ways to those
seen in recognizable minority
populations.

Gilbert Friedell
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Some barriers to increased participation in cancer control programs exist at
all socioeconomic levels, for example, lack of information about cancer and
about the availability and the benefit of cancer screening. Other barriers, such as
feelings of isolation and low literacy, are more prevalent in low-income, medi-
cally underserved populations such as those in Appalachia, said Friedell. For
example, the average Kentucky high school completion rate was 65 percent,
while the rate in Appalachian Kentucky counties was 55 percent. This barrier
needs to be recognized by physicians and other health care personnel.

The NCI, recognizing the cancer control problems in Appalachia, has funded
the Appalachia Leadership Initiative on Cancer for seven years as well as indi-
vidual research projects in the region. Much of this effort has been aimed at the
community level. Lessons drawn from this program indicate that enhancing can-
cer control efforts at the community level is possible, but it is labor intensive and
requires commitment at the state and national levels and recognition that ongo-
ing support will be necessary, concluded Friedell.

MIGRANT FARMWORKERS’ CHILDREN AND PESTICIDES:
A HIGH-RISK POPULATION

There are approximately 3 million to 6 million migrant and/or seasonal
farmworkers (MSFs) in the United States. Approximately 85 to 90 percent are
from ethnic and racial minorities, including Hispanics, African Americans, and
Caribbean islanders. However, Hispanics of Mexican descent constitute the ma-
jority of this population, with children and adolescents comprising 20 to 25
percent of the total population. MSF children are chronically exposed to pesti-
cides because of their parents’ occupation. This exposure is of great concern
given the vulnerability of children as determined by their body size and continu-
ous development, which can increase the carcinogenic effects of these chemi-
cals, according to María A. Hernández-Valero, M.D. Anderson Cancer Center.

There are several pathways by which these children can be exposed to agro-
chemicals at a very early age, including application drift; overspray; carry-home
exposures from parents; exposure in utero; breast-feeding; going or working in
the fields with their parents; and the foods they eat. Being chronically exposed to
pesticides, some of which are known endocrine disrupters, may place MSF chil-
dren who may also be genetically susceptible to these chemical substances at a
higher risk of developing ill-health effects, including cancer. Studies of non-
migrant and agricultural workers also suggest that exposure to pesticides is asso-
ciated with an increased risk of fetal death, miscarriages, developmental defects,
and central nervous system disorders.

Yet cancer research among these workers and their families is almost non-
existent, which is attributed to the perceived difficulty in conducting epidemio-
logic studies among this underrepresented population.

Because organochlorine pesticides remain in the environment for many years
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and MSF children are constantly exposed through many pathways, there is the
need to monitor this high-risk population, said Hernández-Valero, and to con-
sider options for reducing its pesticide exposures. Hernández-Valero recommends
that these children be included in prospective cohort studies that are going on
nationwide and that their exposure to pesticides be monitored to determine if
chronic exposure at an early age will place them at a higher risk of developing
deleterious health outcomes, including cancer, during childhood and later in life.

CHEMICALS AND CANCER CLUSTERS

“Cancer clusters are the bane of the
existence of state and local health offi-
cials,” said Richard Jackson, Centers for
Disease Control and Prevention, “yet
there are real opportunities embedded in
cancer clusters to meet public health
needs, and they can actually end up with
good outcomes if you use good communication skills, good science, good medi-
cine, and bring good policy to all of this.”

Jackson described his experience with pesticide use in Kern County, Cali-
fornia, where agricultural chemicals have caused broad environmental contami-
nation of wells with dibromochloro-propane, a known carcinogen that also causes
sterility in males. Fifteen years ago, said Jackson, there was no way to deal with
the public’s concerns about these chemicals. There were no cancer or birth de-
fects registries in the Central Valley of California. In addition, there was no
obligatory reporting of pesticide use unless it was Category One (extremely
toxic), and there was no record-keeping on these chemicals. Thus, it was very
difficult to do investigations in this area. When the data gaps on these chemicals
were filled, it turned out that an important percentage of them contained repro-
ductive toxins and teratogens, as well as chemicals that cause skin toxicity.
Many of these “grandfathered” chemicals were not tested before being put in the
field, and as a result, unusual illnesses occurred. Some children with birth de-
fects that resembled those caused by thalidomide were born to women who had
been exposed in the fields. Migrant workers are particularly vulnerable, said
Jackson, because in many cases they are undocumented workers, are poorly
educated, and do not speak English. They are loathe to complain and unwilling
to cooperate with investigations for fear of deportation. This highlights the need
for public health investigators to learn how to communicate with communities
and anticipate their concerns. “Thinking that you can deal with clusters and
community problems without an on-site community person is a mistake,” said
Jackson. “Disease clusters are socially inexorable. You have to pay attention to
them. You have to respond to people’s concerns. Clusters are extremely power-

In the public’s mind, clusters are
environmental until proven otherwise.

Richard Jackson
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ful socially and they are extremely powerful politically.” In the public’s mind,
added Jackson, clusters are environmental until proven otherwise.

As a result of an aggressive public health response and effective health
advisory committees, there are now cancer and birth defects registries in the
Central Valley of California. In addition, there is full record-keeping of all pesti-
cide use in California in all toxicity categories. The challenge, said Jackson, is to
actually document people’s precise level of exposures so as to more accurately
calibrate risks. This has to be considered in view of genetic variations in re-
sponse to exposures. Dealing with cancer clusters with open dialogue and ag-
gressive diligence can convert them from dreaded inevitabilities into genuine
public health opportunities.

CANCER IN CHILDREN

Observations during the past several decades have identified a modest but
consistent increase in the incidence of childhood cancers. Secular trends have
varied with specific diagnostic categories, but the most consistent increases have
been seen in acute leukemia and in tumors of the central nervous system, said
Leslie Robison, University of Minnesota. An ecologic association has been noted
between increases in brain and central nervous system (CNS) tumors and in-
creased utilization of imaging techniques, suggesting that earlier detection may
account for some of the observed increases.

Childhood cancer represents a relatively rare disease entity. In the general
population, cancers in children under the age of 15 years are less than 2 percent
of all the cancer burden in the United States. This is a small but important
proportion, not only from what it can tell us scientifically but, more importantly,
in terms of the number of years of potential life that are at stake, said Robison. In
the United States, approximately 8,000 individuals under age 15 are diagnosed
with cancer each year. The cumulative probability of a child developing cancer
is approximately 1 in 630 before the age of 15 and 1 in 300 before the age of 20.

Distinct age-specific patterns of incidence occur among specific diagnostic
classifications within the pediatric and adolescent age groups. There is a peak in
incidence of acute lymphoblastic leukemia between the ages of 3 and 6 years;
neuroblastoma, retinoblastoma, and Wilms’ tumor aggregate in children less than

5 years old; lymphoma incidence rises
with increasing age. Overall, males have
a higher rate of malignancies than fe-
males, which is attributable primarily to
a higher incidence of lymphomas and
acute lymphoblastic leukemia among
males. In the 15–20-year age group, fe-
males have a higher incidence of cancer
than males.

It is estimated that approximately 1 in
every 900 individuals between the ages
of 15 and 45 is now a survivor of
childhood or adolescent cancer.

Leslie Robison
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The survival rate for childhood and adolescent cancer has increased dra-
matically during the past three decades. Currently, more than 70 percent of indi-
viduals diagnosed with cancer before age 15 will survive five or more years from
diagnosis, with the majority being cured of their original malignancy. With these
improvements in treatment and survival, it is estimated that approximately 1 in
every 900 individuals between the ages of 15 and 45 is now a survivor of child-
hood or adolescent cancer. These survivors are, however, at increased risk for
long-term complications of their initial cancer and subsequent therapy. Late se-
quelae of childhood cancer can include an increased risk of second and subse-
quent malignancies, as well as serious organ dysfunction and psychosocial ef-
fects. As more patients survive and the length of follow-up grows, patterns of
second and subsequent malignancies are being identified in survivors, including
increased rates of breast cancer, thyroid malignancies, CNS tumors, and leuke-
mia.

Robison is interested in research on the long-term outcomes of these cancer
survivors. Typically, studies of long-term outcomes and risk of second malig-
nancies focus on the modalities used in the successful treatment of a patient.
“Most patients receive multi-modality treatments, and we need to look at the
interaction of these treatments as well as genetic effects,” said Robison. The
potential interaction between these treatments and the underlying genetics is of
key importance and a high priority for study. Robison and others are piloting the
creation of a national registry of children with cancer to identify environmental
and other causes of cancer.

CHILDHOOD CANCER AND DIET

Diet can be considered part of the environment from several perspectives.
All foods—including fish, fowl, meat, grains, vegetables, and fruits—may con-
tain traces of contaminants such as pesticides used in food production and pollut-
ants such as heavy metals and polychlorinated biphenyls. In addition, the nutri-
ent composition of foods can vary with how and where the food is produced.
Additives may be part of processing food.

Fewer than 20 studies have focused on diet in relation to childhood cancer,
perhaps because scientists have thought it unlikely to play a role. Adult cancers
that are most strongly linked with diet rarely occur in children and have latency
periods of several decades. Limited research on this topic, however, suggests
that diet may indeed affect risk, at least of some childhood cancers, said Greta
Bunin, Children’s Hospital of Philadelphia.

The childhood cancer studied the most in relation to diet is brain cancer,
said Bunin. According to one hypothesis, children with greater exposure to N-
nitroso compounds (NOCs) and their precursors are more likely to develop a
brain tumor compared to other children. In many species of animals, NOCs are
highly potent carcinogens, inducing nervous system tumors. For a few NOCs,
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the risk is multiplied when the exposure occurs in utero. The fetus, of course, is
growing rapidly and, for that reason, is likely to be more susceptible to some
carcinogens. It is also possible that a mother’s or father’s diet before the child’s
conception could play a role, presumably by changes in the DNA of the sperm or
the egg that would then lead to increased risk.

Human exposure to NOCs is widespread; these compounds have been de-
tected in many common exposures and products, including cigarette smoke, au-
tomobile interiors, and cosmetics. In addition to being exposed to NOCs, hu-
mans are also exposed to precursors that combine to form NOCs in the gut and
elsewhere in the body. In fact, most human exposure is thought to occur via
synthesis in the body from precursors. Some substances, such as vitamins C and
E, inhibit the formation of NOCs from precursors and protect animals from
developing NOC-induced tumors.

Diet is a major source of NOCs, NOC precursors, and NOC inhibitors.
Meats cured with nitrite, such as hot dogs and luncheon meat, contain NOCs and
NOC precursors. Fruit, vegetables, and vitamin supplements contain NOC in-
hibitors. The NOC hypothesis predicts that a mother’s frequent eating of cured
meats and infrequent eating of fruits and vegetables during pregnancy would
increase the risk of brain tumors in her children. Studies done to date generally
support the hypothesis that frequent eating of cured meats during pregnancy
increases the risk of such tumors and provide limited support for a protective
effect of fruits and vegetables. However, individuals who eat a lot of cured meats
might also have a diet high in fat, and that high-fat diet—rather than cured
meats—could be responsible for the increased risk. Similarly, eaters of cured
meats may have diets low in folate, which could increase the risk.

The most common childhood cancer, leukemia, has not been well studied in
relation to diet, said Bunin. Although NOCs have not been linked to leukemia in
animals, because of their potency as carcinogens in general and the ability of
some of them to act transplacentally, a few studies have looked at foods with
NOCs in relation to leukemia.

A hypothesis has been proposed regarding the development of leukemia in
the first year of life. In a majority of infant leukemias, the leukemic cells have
abnormalities in band q23 of chromosome 11. Leukemias that occur after cancer
treatment with epipodophyllotoxins, a class of chemotherapeutic agents, also
have 11q23 abnormalities. These chemotherapy drugs inhibit an enzyme called
topoisomerase II (Topo II) and increase the risk of leukemias with 11q23 abnor-
malities. If epipodophyllotoxins inhibit Topo II and increase the risk of leuke-
mias with 11q23 abnormalities, perhaps other inhibitors of this enzyme also
increase the risk of the same leukemias. Other inhibitors of Topo II exist in
nature and include certain flavonoids and medications.

Some investigators have postulated that maternal exposure to Topo II in-
hibitors during pregnancy increases the risk of leukemias with 11q23 abnormali-
ties in infants. In a preliminary study, said Bunin, no association between foods
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containing these inhibitors and infant leukemia overall was observed. However,
when the two subgroups of infant leukemia—acute lymphocytic leukemia and
acute myeloid leukemia—were analyzed separately, strong and significant asso-
ciations were seen for the myeloid leukemia but not for the lymphocytic leuke-
mia.

Research linking diet and childhood cancers has been limited to brain tu-
mors and leukemia. For most other childhood cancers, no studies have investi-
gated the role of diet, said Bunin; thus, additional research on other childhood
cancers may detect new risk factors.

SUMMARY

Years of research have resulted in a number of advances in the prevention
and treatment of cancer, leading to an increase in survivorship across many
cancers. While these results are promising, some researchers and community
leaders have questioned whether the results are universal for all areas of our
populations. Special populations such as migrant farmworkers, children, immi-
grants, and ethnic groups will have to be included in future research to ensure
that they are also able to benefit from the new advances in research. Further
understanding of environmental exposures in various subgroups through longitu-
dinal studies will be necessary to more carefully identify risk in these groups,
according to some participants.
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5

Gene–Environment Interaction
in Site-Specific Cancers

Through many years of fundamental research, we have begun to have a
better understanding of cancer. Research underlying the basic phenomenon has
been hampered by the fact that “cancer” is not a singular disease, but rather a
closely linked group of molecular disorders. These disorders vary in their etiol-
ogy and mechanisms but have some common intersections. By understanding
the differences and similarities in cancers from various body sites (e.g., breast,
prostate), we can continue to make advances in cancer research.

The role of the environment has been actively investigated in many site-
specific cancers during the last century. Through the use of epidemiology, the
advent of molecular biology, and advances in computer technologies, investiga-
tors are now able to answer more sophisticated questions than would have been
possible 30 years ago. Large cohort studies are now able to be conducted to
answer questions on a population level and also to probe research within a sub-
group of individuals. This chapter covers some of the recent advances in under-
standing the relationships between genes and the environment in site-specific
cancers, including breast, lung, colorectal, and prostate cancer, as described by
various presenters.

BREAST CANCER

It is estimated that 184,200 women in the United States will be diagnosed
with breast cancer this year. This is reflected in the high incidence rates observed
for many racial–ethnic groups, both internationally and nationally. In the past
15–20 years, researchers have shed light on the etiology and risk factors in-
volved in breast cancer, including reproductive hormones, genetic factors, and
environmental factors. By exploring these complex interactions, researchers may
be able to develop additional strategies to reduce the incident rate of breast
cancer.
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Reproductive Hormones

During the 1990s, a series of land-
mark prospective epidemiologic studies
were published showing that a very im-
portant and reliable predictor of breast
cancer risk is the amount of circulating
estradiol in the blood of both pre- and
postmenopausal women. In fact, this is
the best single predictor of risk, said
Brian Henderson, University of Southern California. How this risk factor ac-
counts for increased risk of breast cancer is a subject of intense research.

Henderson described a long-standing focus on the role of sex steroids in the
etiology of breast cancer, especially related to stimulation of the breast by estro-
gen and, more recently, progestin. This focus has been driven by the premise that
estrogen and progestin are the primary determinants of cell proliferation in breast
epithelium and that cell proliferation is a prerequisite for many of the genetic
changes necessary for cell transformation to a malignant phenotype. The strong
and consistent association between a woman’s menstrual history and breast can-
cer risk implicates lifetime exposure to sex steroid hormones as a major factor in
the causation of breast cancer.

Recent epidemiologic studies have implicated estrogens more directly, by
showing that circulating levels of the biologically most potent estrogen, estradiol
(E2), are significantly higher in breast cancer patients compared to normal con-
trols. Moreover, said Henderson, plasma estrogen levels differ by racial–ethnic
group and these differences appear to contribute to racial–ethnic variation in
breast cancer rates. In addition, exogenous exposure to these steroids, as com-
bined estrogen and progestin replacement therapy, also substantially increases
the risk of breast cancer.

In addition to the level of circulating hormones, the role of hormone re-
placement therapy and the age at menarche and fecundity also have a relation-
ship to breast cancer. For example, in the late nineteenth century in Europe and
the United States, there was a pattern of a late age at menarche, a short period of
fecundity, and an early onset of menopause. By the early twentieth century, the
age of menarche had decreased and the length of fecundity increased, not only in
the West but elsewhere in the world, including post-World War II Asia. This has
coincided with a dramatic increase in breast cancer rates over the last 50 years.
The use of multiethnic cohort studies will begin to address the complex interplay
between genetic and environmental risk factors according to Henderson.

To further understand these risk factors, Henderson and others have turned
to genetics. The process of breast cancer is driven by ovarian steroid hormones,
mainly estradiol and progesterone, and these result from a biosynthetic pathway
that involves a series of enzymes encoded by genes (see Figure 5-1). It is in these

A very important and reliable predictor
of breast cancer risk is the amount of
estradiol in the blood of both pre- and
postmenopausal women

Brian Henderson
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genes that scientists have been looking for genetic variation that might explain
differences in the amount of circulating estradiol, which can vary substantially
from one woman to the next. This sort of variation is certainly consistent with
the multigene model, said Henderson, so investigators have tried to express the
risk of breast cancer—most easily represented by cumulative exposure to endog-
enous estrogen and progesterone—in terms of multiple susceptibility genes, con-
tributing to build a multigenic model that separates women into high- and low-
risk groups. By coupling epidemiologic research with other genetic studies, we
will begin to build models of breast cancer susceptibility.

Breast Cancer Genetics

Breast and ovarian cancer appear to be coinherited in families. Breast cancer
is thought to be caused by spontaneous mutations in somatic cells or by germline
inheritance of mutations in breast cancer susceptibility genes. Approximately 30
percent of women who present with a diagnosis of breast cancer have at least one
relative who has had cancer.

One such gene, the BRCA1 gene, was identified in 1990 by Mary-Claire
King and her group and then cloned in 1994. BRCA2 was identified and cloned
in 1995. Germline mutations in the BRCA1 or BRCA2 susceptibility genes re-
sult in breast cancers characterized by young age of onset, bilaterality, associa-
tion with ovarian cancer and other tumor types, vertical transmission, and dis-
tinct tumor phenotypes. Many investigators have tried, so far unsuccessfully, to
explain the functions of BRCA1 and BRCA2 and why they might be relevant to
breast cancer. They probably function to maintain genomic stability and serve as
tumor suppressor genes. However, there are multiple roles that these genes play
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FIGURE 5-1 Estrogen biosynthesis pathway. SOURCE: B. Henderson (2001). Reprint-
ed with permission.
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in the cell specifically (e.g., scaffold protein involved in oxidative DNA repair),
and it is not clear why they are so highly penetrant for breast and ovarian cancer,
said Olufunmilayo Olopade, of the University of Chicago.

Testing for the presence of BRCA1 and 2 mutations is now offered to women
who have a family history of breast and ovarian cancer and are over the age of
18. Specific mutations have been identified in Caucasian and African American
families, and some families have unique mutations, seen only in their family
lineage. In some cases, the significance of mutations is hard to discern, so testing
is not always clinically useful, said Olopade. What is known is that in families
with BRCA1 mutations, the average age of cancer onset tends to be very young.
With BRCA2, the mean age of onset is a little older than with BRCA1, and in
one study by Olopade, there was a significant proportion of postmenopausal
breast cancer that could be attributed to germline mutations in BRCA2.

Not everyone who inherits a mutation in the BRCA genes develops cancer.
There are, in fact, other genetic and environmental factors that affect penetrance,
and some of these factors may be modifying genes that are inherited by different
populations at different rates. For example, hormonal reproductive factors and
response to DNA damage affect risks, and some studies actually indicate that
smoking reduces breast cancer risk in BRCA carriers. This does not suggest that
these women should smoke, said Olopade, but it does suggest that there are
issues of carcinogen metabolism and other enzyme activity that have to be con-
sidered.

Olopade noted that there is a clear distinction between BRCA1 and BRCA2
tumors. BRCA2 tumors tend to be estrogen receptor (ER) positive, whereas
BRCA1 tumors are mostly ER negative and highly proliferative. This may have
implications for prevention, said Olopade, because antiestrogen therapy with
tamoxifen can reduce the incidence of ER-positive breast cancer. “If you can get
a 50 percent reduction in breast cancer risk through hormonal ablation or through
tamoxifen use, then you can imagine how you might be able to prevent some of
these BRCA2 tumors,” said Olopade. A lot of work needs to be done in terms of
understanding how environmental factors influence the development of cancer
and then how these individuals respond to different therapies, she concluded.
These examples illustrate the clinical value of addressing the genetic basis of
cancer and the importance of understanding genetic mechanisms in developing
methods of cancer prevention, early detection, and targeted therapies.

Other genetic factors have been examined in addition to BRCA1 and 2. For
example, several years ago, Kari Hemminki described a variant of the gene for
cytochrome P-450, a key enzyme in the initial stages of sex steroid biosynthesis.
He suggested that the C allele upregulated the gene and, therefore, would lead to
more estrogen production. Subsequent studies showed that this allele appears to
be associated with an increased risk of breast cancer, particularly with more
regional or distant metastatic breast cancer than disease limited to the breast.
This led to a hypothesis linking a genetic basis for greater lifetime estradiol
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secretion with a higher risk of breast cancer. Henderson noted that more research
is needed that looks at other parts of genetic pathways, for example, growth
factor genes, hormone receptors, and other similar enzymes along the same path-
ways of biosynthesis or metabolism.

Environmental Factors

There has long been an assertion by the general population that environmen-
tal factors play a role in the generation of breast cancer. This has been fueled in
part by the observation that established risk factors for breast cancer do not fully
explain breast cancer risk. During the workshop, this was one of the more con-
troversial topics discussed by researchers. According to Mary Wolff of the Mt.
Sinai School of Medicine, researchers have been investigating issues surround-
ing lifestyle (including diet), obesity, and adverse exposures in an attempt to
identify suceptible factors in initiating breast cancer. Unlike the senario for lung
cancer where there is strong agreement between researchers that smoking is a
risk factor for developing cancer, the role of environmental factors in breast
cancer is not as clear.

Is there a role for the environment in breast cancer? The research is incom-
plete at this time according to many researchers. Investigations into pesticides
such as DDT and DDE have not shown a consistent association with breast
cancer (Snedeker, 2001). Diet and obesity may play a role in breast cancer devel-
opment since they both contribute to changes in circulating hormone levels and
age at menarche—all known risk factors for breast cancer. Further, one sees a
change in incidence rates as ethnic groups shift to a more Western lifestyle (e.g.,
decrease in age of menarche, use of hormone replacement therapy)—for ex-
ample, the increase in the incident rate of cancer in Asian women born in the
United States compared to those living in Asia. Understanding the complex in-
teractions of lifestyle, diet, established risk factors, and genetics will continue to
be an important area of research.

LUNG CANCER

Molecular and Environmental Bases of Lung Cancer

There are approximately 160,000 new cases of lung cancer every year in the
United States, and at least 80 percent of those people will die within five years of
diagnosis. This results in more deaths from lung cancer in both men and women
than from any other specific cancer. There are about 47 million current smokers
and 44 million former smokers in the United States. Both groups are at increased
risk of developing lung cancer, although current smokers have the higher risk.

Less than 20 percent of long-term smokers develop lung cancer by age 75,
and we must develop ways to identify these people at an early stage of cancer
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development to improve the cure rate,
said John Minna. One possibility may
be by genetic epidemiology. Genetically
determined factors that abrogate the ef-
fects of environmental carcinogens may
explain differences in susceptibility, said
Margaret Spitz, of the M.D. Anderson
Cancer Center. The challenge in risk assessment is to account for this
interindividual variation in susceptibility to carcinogens. Evidence of familial
aggregation of lung cancer provides indirect support for the role of a genetic
predisposition to lung cancer. These studies of patterns of inheritance suggest
that a small proportion of lung cancer is due to “lung cancer genes” that are
probably of low frequency but high penetrance.

Lung cancer risk from smoking is dependent on the dose of tobacco carcino-
gens, which is modulated by genetic polymorphisms in the enzymes responsible
for carcinogen activation and detoxification, as well as by the efficiency of the
host cells in monitoring and repairing DNA damage due to tobacco carcinogens.
Individuals with susceptible genotypes (or adverse phenotypes) tend to develop
lung cancer at earlier ages and with lower levels of tobacco exposure. On the
other hand, the genetic component of risk tends to be lower at high-dose levels,
when environmental influences overpower any genetic resistance.

By studying polymorphisms in DNA repair genes, Spitz and others are try-
ing to establish genotype–phenotype correlations in the context of environmental
insults. For example, by correlating polymorphisms in a DNA repair gene with
the functional DNA repair assay, one can determine if markers in surrogate
tissues reflect molecular events in the target lung tissue. Genotype–phenotype
and diet–gene interactions are also being actively studied.

The gene that controls glutathione S-transferase activity, which is a protec-
tive detoxifying mechanism, is being studied intensively. The genotypes for these
protective genes differ among various ethnic and racial groups. In general “null
genotypes,” those with little to no activity, have been shown to be associated
with increased risk, but results have varied. To explain the inconsistencies in the
results, Spitz and others have tried to estimate the significance of other unmea-
sured or unidentified covariates. They examined factors in the diet, specifically
isothiocyanates, which are nonnutritive compounds found in the Brassica family
of vegetables such as brussels sprouts, broccoli, and cabbage. These compounds
are known to be very effective inhibitors of tumor formation in animal model
systems, and many case-control and cohort studies have consistently shown an
association between consumption of greater amounts of these vegetables and
protection against the development of lung cancer.

Other studies have used “reporter genes” to measure the extent of DNA
repair in cells transfected with carcinogen-damaged plasmids. “We know that
DNA repair capacity declines with advancing age, however, the youngest cases

Less than 20 percent of long-term
smokers develop lung cancer by age
75.

John Minna
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seem to have the poorest DNA repair capacity,” said Spitz. Women have signifi-
cantly poorer repair capacity than men, and the longest-term smokers have the
best DNA repair capacity, perhaps as an adaptation to long-term smoking.

Many of the markers are relevant not only for risk assessment but also for
predicting response to chemo- and ra-
diation therapy. Thus, individuals on
chemotherapy regimens who have good
DNA repair capacity actually do worse
because they are more likely to remove
the therapeutic agent that causes dam-
age to cancer cells.

The true dimensions of gene–
environment interactions probably de-

pend on multiple susceptibility factors, concluded Spitz. In the near future,
micro-array technology will enable the performance of large-scale, low-cost
genotyping. The resulting ethical, educational, social, and informatics consider-
ations will be challenging. However, the ability to identify smokers with the
highest risks of developing cancer will have major preventive implications for
intensive screening and smoking cessation interventions and for chemoprevention
trials.

Molecular Pathogenesis of Lung Cancer

John Minna of the University of Texas Southwestern Medical Center and
other investigators have hypothesized that clinically evident lung cancers have
accumulated 10–20 different genetic abnormalities in dominant oncogenes, or
tumor suppressor genes. If this is true, it may be possible to discover carcinogen-
exposed respiratory epithelial cells with only a subset of these changes and to
intervene at an early stage with treatment or chemoprevention. Similarly, it is
also hypothesized that these changes are recurrent and common among different
tumors, and this may have implications for directing the search for specific diag-
nostic and therapeutic targets. Many studies have been published on the search
for genetic abnormalities in lung cancer. However, with few exceptions, these
studies have not been global in nature, either in testing for genome-wide abnor-
malities or in testing for multiple abnormalities in the same individual lung
cancer.

There are four major histologic types of lung cancer, and there are acquired
genetic differences among these types. The general mechanisms that underlie
their pathogenesis are similar; thus, it is important to identify the molecular
changes that lead to these cancers. If 20 different changes are required for a lung
cancer to develop, smoking-damaged respiratory epithelial cells could in theory
be detected with only a few changes, allowing an early molecular diagnosis of
lung cancer or prediction of which people are most likely to develop it.

We know that DNA repair capacity
declines with advancing age, however,
the youngest cases seem to have the
poorest DNA repair capacity.

Margaret Spitz
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Allelotyping—in this instance, comparing tumor and normal tissue for ge-
netic change involving loss of one of the parental alleles—is one way to look for
genetic changes. Minna and colleagues find that multiple small clonal or
subclonal patches containing molecular abnormalities are present in histologi-
cally normal or slightly abnormal bronchial epithelium of patients with lung
cancer and people who smoke cigarettes. In detailed studies of bronchial epithe-
lium and bronchial biopsies from current or former smokers without lung cancer,
they also found thousands of clonal patches showing allele loss in histologically
normal-appearing respiratory epithelium. These patches can be detected more
than 30 years after cessation of cigarette smoking, suggesting the potential for
damaged stem cells to repopulate.

Small cell lung cancer (SCLC) has many morphological and biochemical
features that distinguish it from non-small-cell lung cancer (NSCLC) histologic
types, said Minna. These distinctions are of diagnostic importance and commit
patients with different histologic types to different initial treatment regimens.
With the exception of bronchoalveolar lung cancer, smoking and tobacco car-
cinogens are the major underlying etiologic factors. Clearly, SCLC etiology is
strongly tied to cigarette smoking. Thus, the smoking-damaged, histologically
normal epithelium associated with SCLC appears “genetically scrambled” and
has incurred significantly more damage than the epithelium accompanying
NSCLC. Minna concluded that SCLC and NSCLC do not differ significantly in
the number of their genetic alterations. However, they do differ in the kinds of
specific genetic alterations that occur. In addition, the smoking-damaged bron-
chial epithelium accompanying SCLCs appears to have undergone significantly
more acquired genetic damage than that seen in NSCLCs. Minna called for
studies to identify the specific genes involved at these multiple sites and to
determine whether these provide new tools for early molecular detection, moni-
toring of chemoprevention efforts, and identification of specific targets for de-
veloping new therapies.

COLORECTAL CANCER

Risks for Colorectal Cancer

Colorectal cancer remains the third leading cause of cancer deaths in each
sex and the second leading cause overall in the United States. Despite the fact
that this disease is often preventable by screening, there are 130,000 new cases
and about 55,000 deaths each year. Colorectal cancers arise primarily in ad-
enomas. Because adenomas are usually asymptomatic, they are not readily de-
tected. The prevalence of these lesions increases with age and is greater in men
than women. Autopsy studies suggest that one-fifth to three-fifths of individuals
have prevalent adenomas, and screening studies of average-risk populations have
found that one-fourth to two-fifths of individuals have adenomas.
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An important environmental role in the development of colorectal cancer is
suggested by the variance in incidence of the disease. Moreover, there is a
twentyfold variation in incidence rates in different geographic regions around
the country, indicating that genetic, environmental, and lifestyle factors play a
role in etiology. Because adenomatous polyps are precursors to colorectal can-
cer, assessing the effect of environmental and genetic factors in adenoma occur-
rence and recurrence might help identify relatively asymptomatic individuals
who are at increased risk of cancer and who would benefit most from public
health interventions.

Certain populations and individuals with particular genetic syndromes in-
herit germline mutations that increase the risk of colorectal cancer. The genetic
basis for the development of colorectal cancer involves the accumulation of
specific somatic mutations in proto-oncogenes and tumor suppressor genes with
increasing age, said Raymond DuBois of the Vanderbilt University Medical Cen-
ter (Figure 5-2). However, only a small proportion of colorectal cancers are
attributable to inheritance of these rare, highly penetrant mutated genes.

It is also evident that variability in carcinogen-metabolizing genes influ-
ences the risk of colorectal cancer. These polymorphisms can be very common,
such that even modestly increased relative risks may account for a higher popu-

FIGURE 5-2 Incidence of colorectal cancer versus age. SOURCE: SEER (1992–1996).
The SEER program collects and publishes cancer incidence and survival data from 11
population-based cancer registries and 3 supplemental registries covering approximately
14 percent of the U.S. population (see http://seer.cancer.gov for more information).

5050

150150

250250

350350

450450

30–34 35–39 40-44 45-49 50-54 55-59 60-64 65-69 70-74 75-79 80-84 85-89

93% of cases occur after age 50 

In
ci

de
nc

e 
P

er
/1

00
,0

00

SEER 1992–1996

Copyright © National Academy of Sciences. All rights reserved.

Cancer and the Environment: Gene-Environment Interactions
http://www.nap.edu/catalog/10464.html

http://www.nap.edu/catalog/10464.html


SITE-SPECIFIC CANCERS 55

lation-attributable risk than that due to highly penetrant, but rare, genetic muta-
tions. Epigenetic changes, such as alterations in DNA methylation and gene
expression, also may play a critical role in the development of this malignancy.
These alterations are important in both inherited syndromes such as familial
adenomatous polyposis or hereditary nonpolyposis colorectal cancer and in spo-
radic tumors. It will be important to understand the roles of environmental expo-
sure and host susceptibility to develop better screening, prevention, and treat-
ment strategies, said David Alberts of the Arizona Cancer Center.

Susceptibility to colorectal cancer is related to interindividual variability in
biotransformation of endogenous and exogenous substances, as well as in DNA
repair and cell cycle control, according to Alberts. Genetic variation may in-
crease susceptibility by altering the rates of activation and detoxification of car-
cinogens. In the future, risk assessment has to factor in susceptibility to certain
classes of carcinogens in subpopulations. Interactions between specific polymor-
phisms in a metabolism gene and environmental exposures provide evidence that
the gene substrate is a component relevant to colorectal cancer etiology or pre-
vention. Environmental factors may interact with metabolic genetic polymor-
phisms via a model in which the exposure alone, but not the variant genotype
alone, increases disease risk, and exposure interacts with the variant genotype to
further increase risk in exposed individuals.

The same interaction can also modulate disease pathogenesis, in that expo-
sure and susceptibility factors may alter the effects of other risk factors. Classifi-
cation of subgroups of the population into those who may be more vulnerable to
the effects of certain carcinogens may also have important implications beyond
risk assessment. Through the identification of an increased risk in certain sub-
groups, disease risk factors may be better defined. However, to date, sample
sizes for most studies attempting to uncover gene–environment interactions have
been small, said Alberts, which lim-
its the potential for detecting signifi-
cant findings.

Alcohol consumption and to-
bacco smoking are known to increase
the risk of colorectal cancer. Other
studies have found an increased risk
of colorectal cancer recurrence with
alcohol consumption.

Increased physical activity, dietary supplemental calcium intake, dietary iron
intake, and hormone replacement therapy (for women) are all associated with a
decreased risk of colorectal cancer. The role of a diet rich in fruits and veg-
etables in reducing this type of cancer is controversial. Further research will be
needed to resolve this issue.

In addition, the chronic use of aspirin and other nonsteroidal anti-inflamma-
tory drugs (NSAIDs) is associated with a 40–50 percent reduction in risk. Al-

Consumption of folic acid supplements,
after a period of 15 or more years,
may decrease risk of colon cancer by
about 75 percent.

David Alberts
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though the pathways by which anti-inflammatories inhibit cancer growth are
unknown, research efforts have focused on understanding the molecular basis for
the chemoprotective effects associated with the use of NSAIDs. The activity of
the enzymes cyclooxygenase-1 (COX-1) and cyclooxygenase-2 (COX-2) is in-
hibited by NSAIDs. Some researchers have reported an increase in COX-2 levels
in a number of solid tumors, which suggests that this enzyme may serve as a
molecular target for cancer prevention. Further, recent clinical studies indicate
that the presence of COX-2 in human lung and colon cancers is associated with a
negative clinical prognosis. Therefore, COX-2 inhibitors are presently being
evaluated for the prevention or treatment of several cancers in humans, said
Alberts.

Alberts also described an increasing body of epidemiological evidence from
case-control and cohort studies supporting the role of folate in reducing the risk
of colorectal cancer. Folate intake and blood levels have also been consistently
associated with a lower risk of colon adenomas. Recent results indicate that the
consumption of folic acid supplements, after a period of 15 or more years, may
decrease the risk of colon cancer by about 75 percent. Additionally, these inves-
tigations suggest that alcohol consumption increases the risk of colorectal neo-
plasia by acting as a folate antagonist.

If colorectal cancer is treated surgically while still localized, the outcome is
quite good, with a survival rate greater than 90 percent. Therefore, early detec-
tion could save about 28,000 lives each year, said DuBois. Development and
characterization of accurate markers for adenomas are needed because this could
identify the highest-risk group of patients that might benefit from early detection
with colonoscopy and other screening interventions.

PROSTATE CANCER

Prostate Cancer: Epidemiology, Hormones, and Diet

Prostate cancer is the second leading cause of cancer deaths in men in the
United States today. Currently, researchers have identified age as being one of
the two most important risk factors for prostate cancer. Recent estimates by the
National Cancer Institute suggest that one in four men has some cancerous cells
in his prostate by age 50, which increases to one in two by age 80.

Race–ethicity is the second most important risk factor for prostate cancer. In
the United States, African American men have the highest incidence of prostate
cancer, while Asian Americans and Latinos have the lowest incident rates (Ross
et al., 1998). Interestingly, one sees that the international rates for prostate can-
cer in men and breast cancer in women are remarkably similar and seem to be
determined primarily by the environment in which one lives, said Donald Coffey
of the Johns Hopkins School of Medicine (Figure 5-3). This risk can vary by
more than tenfold among countries. Traditionally, native Japanese and Chinese
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men have the lowest incidence of prostate cancer. Similar to breast cancer, re-
searchers have observed that migration can change a person’s risk. For example,
Asians who immigrate to the United States have a greater incidence of prostate
cancer than those living in Asia. However, their rates never reach the incident
rates of Caucasian Americans. The differences between various incidence rates
may be due to testosterone biosynthesis or metabolism (see Ross et al., 1998), as
well as environmental influences, genetic control, or a gene–environment inter-
action. Further research will help to us to understand these differences.

Hormones play a major role in the growth and function of the prostate gland
including cellular growth and proliferation (Ross et al., 1998). For these reasons,
hormones have attracted considerable research interest in cancer of the reproduc-
tive organs. Indeed, researchers have elucidated a role of hormones in both breast
and prostate cancer. However, not all organs involved in reproduction have re-
ported incidences of cancer. For example, there is little known risk for human
seminal vesicle cancer. In addition, not all mammals have high rates of cancers.
Only man and dog have been shown thus far to have a high naturally occuring
incident rate of prostate cancer (Coffey, 1993). Some of the differences may be
linked to the role of hormones in various organs. Androgen, estrogen, and proges-
terone receptors are present in prostate and in breast tissue, and cellular growth
is driven by androgens or estrogens in either tissue, said Coffey. In the develop-
ing human, testosterone and androgen receptors inhibit breast development and
induce the seminal vesicles. Studies in animal models have shown that hormonal
treatment influences prostatic growth. Dihydrotestosterone and the androgen re-
ceptor induce prostate growth. Estrogens depress androgen production and de-
press prostate growth, whereas estrogens plus dihydrotestosterone enhance pros-

FIGURE 5-3 Comparison of prostate and breast cancer in different countries. SOURCE:
Griffiths et al. (2001). Reprinted with permission by CompGraphics Services, UK.
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tate growth. Understanding and characterizing the differences between organs
may help to understand the mechanisms underlying prostate cancer.

The question remains whether genetic or environmental factors may play a
role in the development of prostate cancer. Research is still going on in this area;
however, factors that alter the hormonal environment may have an effect on the
incidence of cancer. Similar to breast cancer, dietary factors are hypothesized to
influence prostate cancer. An association has been reported between prostate
cancer and fat intake. Dietary fat is converted by the body to androgens, which
may stimulate the growth of prostatic cancer cells. Men who eat high-fat diets
have a higher rate of prostate cancer than those who adhere to diets low in fat
and rich in yellow and green vegetables. Researchers are continuing to investi-
gate the interplay between hormones, genetics, and the enviroment to develop a
more complete picture of prostate cancer.

Herbal Therapies

Alternative medicine including the use of herbal therapies is an emerging
area in the treatment of various diseases. Often, patients are looking for alterna-
tives or complements to Western medicine. Some researchers have begun to
investigate some of the herbal therapies to determine if there is a scientific back-
ing for the claims. One such alternative, according to Robert DiPaola of the
Cancer Institute of New Jersey, is PC-SPES, a commercially available combina-
tion of eight herbs used as a treatment for cancer of the prostate. Because other
herbal medicines have estrogenic effects in vitro, DiPaola and colleagues tested
the estrogenic activity of PC-SPES in yeast and mice and in men with prostate
cancer. They assessed the clinical activity of PC-SPES in eight patients with
hormone-sensitive prostate cancer by measuring serum prostate-specific antigen
(PSA) and testosterone concentrations during and after treatment. In the men
with prostate cancer, PC-SPES decreased serum testosterone concentrations, and
in those and other patients, it decreased serum concentrations of PSA. The
batches of PC-SPES studied contained estrogenic compounds that were distinct
from diethylstilbestrol, estrone, and estradiol. Therefore, its use may confound
the results of standard or experimental therapies or produce clinically significant
adverse effects.

“The question remains, Why is it that mild phytoestrogens or mild estro-
genic compounds within these particular plants might have a preventive possibil-
ity in terms of animal models but yet stronger estrogens would induce cancer?”
said DiPaola. His laboratory has fractionated PC-SPES and found certain frac-
tions with greater activity, suggesting that there are multiple estrogens in this
product. Component herbs, such as licorice root, have weaker phytoestrogens.
Since poor quality control exists in the manufacture of these unstandardized
herbal mixtures, chemical analysis will be important to identify the chemical
compounds responsible for this activity.
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SUMMARY

The variation in cancer incidence among various population groups has long
suggested a role for the environmnet in cancer development. The environmental
hypothesis is further supported by shifting cancer incidences in migrant popula-
tions whose rates tend to approximate those of their current host country, by
geographic differences in cancer rates within the United States, by the changing
incidence of certain cancers over time, by ethnic–socioeconomic differentials,
and by the epidemiologic evidence linking risks to a variety of lifestyle and other
environmental exposures. Not long ago, the role of inherited susceptibility in
human cancer was considered to be quite small. However, recent progress in
identifying and characterizing highly penetrant, but relatively rare, susceptibility
genes has furthered our understanding of genetic mechanisms and their role in
cancer etiology. Further, the common polymorphisms of modifier genes that
confer low relative and absolute risks, but high population-attributable risks in
the presence of relevant environmental exposures, are becoming increasingly
important to the public health burden of cancer.

Many speakers discussed the evidence suggesting a role for the environ-
ment, for genes, and for their interactions. Cancers such as breast, lung, and
colorectal, which were thought to lack an inherited component in the past, are
being linked to a number of rare but highly penetrant mutated genes. As many
speakers asserted, understanding and characterizing these genes will be an im-
portant area of research for the next decade. They further emphasized the need to
combine epidemiologic techniques with molecular biology. Cancer involves
changes in DNA. We will have to determine which changes are germline and
which are somatic and how environmental influences alter the mechanisms of
DNA repair and replication.

Some conference participants identified several strategies for reducing the
future incidence of and death from cancer, the most critical being the reduction
of tobacco use by all segments of the population, since smoking causes an esti-
mated 30 percent of all cancer deaths. Another strategy suggested by some speak-
ers would be to increase the use of effective but currently underutilized cancer
screening tools. Yet other strategies identified include developing and applying
state-of-the-art diagnostic tests and treatments, as well as identifying and reduc-
ing health disparities across diverse populations. Behavioral change, perhaps the
most challenging, but potentially the most effective strategy, should be a central
element of a successful cancer prevention program regardless of genetic predis-
position to cancer, said several speakers.
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Special Address:
A Novel Approach to Cancer Treatment

Based on Immune Stimulation and
Other Environmental Approaches

Steven Rosenberg

The history of cancer treatment has evolved over the years. Surgery, some-
times quite primitive, began more than 3,000 years ago. Just a year after the
discovery of radiation therapy by Roentgen in 1895, a Chicago physician treated
a patient with advanced breast cancer by exposing the chest wall to radiation and
in fact saw tumor regression; thus began modern radiation therapy. Chemothera-
py began about 60 years ago predominantly as a result of a 1942 laboratory
accident involving the development of nerve gas that exposed workers to nitro-
gen mustard. It was noted that these individuals developed a lymphopenia and a
decrease in circulating numbers of lymphocytes. This led a Yale physician, G.D.
Lindskog, to use this material to treat a patient with what was then known as an
“X-ray resistant lymphosarcoma,” and he saw a dramatic regression of that lym-
phoma. This led to the realization that chemicals could be used to cause cancer
regression, and that has led to a substantial amount of work in the last 60 years
attempting to develop inorganic molecules that might be used for treating pa-
tients with a variety of malignancies.

Today, the appropriate application of surgery, radiation therapy, and chemo-
therapy can cure about half of all individuals who develop cancer. However, the
half of cancer patients who cannot be cured by these methods accounted for
almost 600,000 deaths in 2000, which points to the need for the development of
new approaches to treat cancer. One of these approaches is biologic therapy, that
is, treatments that act primarily through natural host defense mechanisms or by
the administration of natural mammalian substances. In biologic therapies, we
take advantage of the body’s own natural defense mechanisms to reject the can-
cer.

An issue that has plagued the field of tumor immunology is whether it is
possible to use the immune system to cause the regression of established human
cancers. Historically, there has been a great deal of skepticism about this possi-
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bility. However, studies of the cytokine interleukin-2, produced by human lym-
phocytes, reveal that it is a natural body substance that plays a predominant role
in regulating the immune response in humans and other mammals.

Interleukin-2 has no direct impact on cancer cells. Cancer cells can be incu-
bated in the highest achievable concentrations of interleukin-2 with no impact on
the growth of the cells. All of the impact of interleukin-2 occurs because of its
ability to mediate immune reactions in the body and alter the body’s own natural
defenses to attack the cancer. The National Cancer Institute has treated more
than 400 metastatic melanoma and metastatic kidney cancer patients with inter-
leukin-2 alone. About 15 percent of patients with metastatic melanoma show an
objective regression, that is, at least 50 percent of the tumor disappears, and in
half of those patients all of the cancer will disappear. In kidney cancer patients,
about 20 percent show complete regressions. This then is the proof of principle
that it is possible to use the body’s immune system to cause cancer regression. If
we can understand the mechanisms by which the body rejects these cancers, we
might then be able to extend this to patients with other types of cancer.

Prior to these studies it was thought that large solid tumors could not be
attacked by the immune system, but success in achieving complete regression of
all metastatic disease in the lung and liver has been demonstrated. Bony me-
tastases can also respond to this treatment.

What are the antigens involved in cancer regression? We identified a kind of
cell, a tumor infiltrating lymphocyte (TIL), which invades tumors and is part of
the body’s reaction against these tumors. TILs obtained from patients with mela-
noma were then used to identify the genes encoding the antigens recognized by
these TILs.

TILs have been identified that can recognize unique cancer antigens on
murine and human cancers, including melanoma, breast cancer, colon cancer,
and lymphoma. In clinical trials of TIL administration, 36 percent of patients
with metastatic melanoma underwent objective cancer remission. To determine
whether the identified genes actually encoded cancer regression antigens, pa-
tients were immunized with the gene products to determine whether the regres-
sion of growing cancers could be induced. Alternatively, in vitro lymphocytes
sensitized against the putative cancer regression antigens were generated and
adoptively transferred into patients to determine whether they could mediate
cancer regression.

Through the use of a genetic technique that enables the expression cloning
of genes encoding antigens recognized by CD4+ immune cells, we have been
able to identify several new class II (MNC) restricted tumor antigens. Several of
these are tissue-specific. It is thought that some of these tissue-specific proteins
in tumors derived from nonessential organs can serve as the targets for immuno-
therapy.

Cancer antigens can arise from a variety of different cellular events. A sin-
gle cancer antigen contains peptides that can be presented on many different
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types of MNC molecules. Individual patients can react against multiple antigens.
It is the cellular arm of the immune response that is predominantly involved in
immune reactivities, and a key question is whether we can use this information
to generate antitumor T cells by immunizing patients using a vaccine.

In a pilot trial, we demonstrated that a modified peptide could consistently
immunize cancer patients and generate T cells in their circulation that can recog-
nize the cancer. Work by us and others has opened new possibilities for the
development of effective immunotherapies for the treatment of cancer.
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Cancer and the Environment:
A View from the Hill

John Porter

It is a pleasure to provide at this workshop a perspective of the policymaker
regarding medical research and the relationship of cancer and the environment.
Over the years, I’ve learned so much about public health and environmental
health from the CDC, NIEHS, academicians, and others. We have made many
advances, and conferences such as this one help to raise awareness in the Con-
gress about cancer and the environment and suggest strategies to lay the ground-
work for congressional support of additional investments in research and, where
appropriate, in improving prevention efforts.

Environmental health concerns continue to be on the mind of the public.
The greatest concern of most Americans, and this includes most members of
Congress, is with the well-being of children in this country. I am sure that many
of you had an opportunity to watch the Bill Moyer’s special Trade Secrets,
which accused the chemical industry of knowingly releasing carcinogens that
exposed the American people, or the Julia Roberts film Erin Brokovich. Pro-
grams such as these continue to reach out to and educate the American public
about the importance of the environment and their health.

My own particular interest in cancer and the environment began when I
participated in the visit of a congressional delegation to Poland. We went to the
children’s hospital in Krakow, Poland, where I saw hundreds of children afflict-
ed with cancer and learned that the probable cause was their exposure to heavy
metals at apparently hundreds of times the permitted exposure in our own coun-
try. This interest led Congresswoman Nancy Pelosi and myself to jointly sponsor
a special congressional hearing on children’s health and the environment. While
cancer was not the only illness covered, it was clearly the principal focus of the
conference.

Congress and the administration have a strong commitment to funding basic
medical research, including research in environmental health concerns. This is
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evident from the continual increase in the budgets for basic research. We won’t
know the actual budget until the work comes out of the subcommittee, but one
cannot assume that there will be another 15 percent increase for the National
Institutes of Health. We continue to hope and work for this number, but it should
not be viewed as a “done deal.” Similarly, we need to be concerned about the
budget numbers for the CDC and the Agency for Healthcare Research and Qual-
ity. The question also remains about funding for the physical sciences. We need
researchers to step up to bat to defend the importance of both the life science and
the physical science research budgets.

Environmental issues are ascendant in Washington. They will have a central
focus in next year’s political campaigns. Issues such as CO2, arsenic in drinking
water, drilling in the Arctic National Wildlife Refuge, and energy production
will continue to be of interest to the American public. Governmental effects on
health will continue to be of growing concern and will require further research. I
would want to see new language in the reports that accompany the House and
Senate appropriations bills this year. I would want to see that language carried
over to the statement of the managers that accompanies the final conference
report on the bills funding the Department of Health and Human Services, the
Department of Veterans Affairs, and the Department of Housing and Urban
Development (and, therefore, the National Science Foundation). I would want to
see language that expresses congressional concern and urges additional research
and greater attention to cancer and the environment, in particular a focus on the
genetic component and its interaction with environmental factors. In order to
accomplish the latter, the participants of this workshop should devote some at-
tention to strategies for increasing government awareness and increasing resourc-
es for this research into gene–environment interactions.
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Moving Forward

This year alone, approximately 560,000 Americans will die of cancer-re-
lated causes, and almost 1.4 million new cancer cases are expected to be diag-
nosed. Despite these dire numbers, the data presented at the workshop reinforced
the fact that we are making progress in the war against cancer. Most speakers
agreed that it was an exiciting time to be in cancer research as we reach a point
where we can treat or cure most cancers far more effectively. This is great news;
however, as one speaker pointed out, we would prefer not to get cancer in the
first place. The workshop laid out a number of strategies for the future of cancer
research. The views of the speakers, panelists, and participants do not necessar-
ily reflect the views of the Institute of Medicine or the Roundtable on Environ-
mental Health Sciences, Research, and Medicine.

DISPARITIES

The success we have begun to see in the war against cancer isn’t equally
accesible to all individuals or groups. As discussed by some speakers, several
ethnic and racial populations have disturbingly high cancer incidence and mor-
tality rates relative to the population at large, and these differences are even
more pronounced for some cancer sites or organs. Reasons for the disparities
might include the presence of specific genetic mutations, but they are more
likely to reflect differences in environmental exposures, risk behaviors (e.g.,
tobacco use, diet), and utilization of prevention, screening, and treatment ser-
vices. The populations with disparities include Hispanics, American Indians,
Alaska Natives, Asian and Pacific Islanders, African Americans, Native Hawai-
ians, blue-collar workers, rural, elderly, and low-income and low-literacy groups.
They not only carry a higher burden of cancer, but also are more prone to other
diseases and societal problems. Moreover, the burden of cancer is disproportion-
ately borne by the poor and the undereducated, as well as by populations at
higher risk due to lifestyle, environmental exposure, or genetic susceptibility.

Copyright © National Academy of Sciences. All rights reserved.

Cancer and the Environment: Gene-Environment Interactions
http://www.nap.edu/catalog/10464.html

http://www.nap.edu/catalog/10464.html


66 CANCER AND THE ENVIRONMENT

Achieving better cancer care and control within these underserved and high-risk
populations is an extremely important goal. Even with additional emphasis, can-
cer will likely continue to be one of the leading causes of death in the early years
of this century. Furthermore, the aging population will dramatically change the
patterns of cancer in this century because cancer risks increase with age.

Thus, the need for research on special populations is greater than ever be-
fore because these populations are the most vulnerable to negative consequences
from the rapidly changing health care system. As several speakers emphasized,
“One size does not fit all.” We must be creative in our approach to addressing
cancer in various populations. As Dr. Lovell Jones emphasized, if we do what
we have always done, then we will get what we always got. For these reasons,
many panelists and speakers urged participants to conduct additional research on
special populations to address disparities in incidence rates, mortality rates, and
access to care in these populations and to put a greater emphasis on environmen-
tal disease surveillance including more complete cancer registries across all popu-
lations.

CANCER PREVENTION

Presentations throughout the two days highlighted the fact that many life-
style and environmental carcinogens have been identified by investigating can-
cer in populations and that this knowledge has led to new approaches for reduc-
ing cancer risk. Yet there is still much to learn about the causes of cancer,
particularly why one person with the same cancer-causing exposure (such as
smoking or diet) develops cancer, whereas another does not. Individuals’ genetic
makeup can affect their risk for developing cancer in ways more subtle than
those seen in familial cancer syndromes. Variations in genetic susceptibilities
related to how individuals control and respond to endogenous hormone levels,
diet, exposure to carcinogens, sun, and infectious agents are likely to influence a
given individual’s chance of developing cancer.

According to many speakers, the estimates of cancer incidence support the
claim that in an ideal world, more than 50 percent of cancers could be prevented
if what is already known about the etiology and early course of cancer were
acted on and fully adopted. These speakers also noted that tobacco use accounts
for 30 to 40 percent of preventable cancer mortality; diet for another 20 to 40
percent; and alcohol, occupational exposure, and pollution for the remaining 5 to
17 percent. We have seen decreases in some cancer rates in the past 50 years due
to positive changes in society. For example, stomach cancer and cervical cancer
declined from 1950 to 1993 due to changes in food preparation and storage and
improvements in medical screening and early treatment, respectively. In the
1990s, there was a modest (1 to 3 percent) overall age-adjusted decrease in
cancer death rates. This decrease can be attributed to changes in behavior and
environment, for example, successful reductions in smoking and better early
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detection of cancer. According to some speakers and panelists, we need addi-
tional research and public health focus on preclinical stages of cancer with an
emphasis on early diagnosis and intervention.

FUTURE RESEARCH AREAS

Mounting evidence indicates that mutation patterns detected in certain tu-
mors may be distinct enough to provide a molecular fingerprint that is traceable
to specific environmental agents. In large, population-based studies now under
way, investigators described how they are exploring the way in which genetic
factors and environmental exposures, including those related to lifestyle and
diet, interact to influence cancer risk. By using minute quantities of DNA, it is
possible to detect gene mutations whose patterns, functions, or effects may point
the way to environmental, nutritional, hormonal, and other factors that contrib-
ute to cancer. As more information about human genes becomes available, there
will be novel opportunities to test the importance of newly discovered genes for
both their relation to cancer susceptibility and clues to environmental carcino-
gens.

Development of multigenic models of cancer susceptibility will be an im-
portant future approach to predicting, preventing, and diagnosing some cancers,
said participants. For example, prostate cancer is a common disease for which
there are few well-established risk factors. Pedigree analyses suggest a genetic
component for some individuals; however, the majority of prostate cancer cases
cannot be explained by a single-gene model, suggesting multigenic etiology.
Moreover, the international and racial–ethnic variations in prostate cancer inci-
dence, combined with the effects of migration on risk patterns, suggest that
genetic factors are likely to play a central role in determining prostate cancer
risk.

Even when there is evidence of genetic predisposition, however, future re-
search efforts must focus on gene–environment interactions to fully develop
effective cancer prevention and treatment strategies, concluded participants.
Thus, even though genetic polymorphisms that predispose some men to prostate
cancer or women to breast cancer have been found, the environmental factors
that contribute to the actual development of disease must be explored. Moreover,
although cancer cases are often clustered in certain families, pedigree analysis
indicates that only 5 to 10 percent of cancer patients have a genetic predisposi-
tion to the disease. The basic mechanisms for hereditary cancer have been out-
lined, and a large number of the genes involved have been identified.

CANCER REGISTRIES AND LARGE POPULATIONAL STUDIES

During the workshop, we heard about a number of cancer registries includ-
ing the NCI’s SEER program and the Kentucky Cancer Registry, and also about
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large population studies (greater than 100,000 individuals) sponsored by the NCI
and the American Cancer Society. Several participants suggested that the cancer
registry data be combined with other databases to identify new etiologic leads.
For example, cancer registry data could be combined with population survey
data or environmental data sources such as pesticide usage or hospitalization
data. Large epidemiologic consortia could pool data and publish results from
several independent investigations simultaneously to quickly determine whether
a given result in one study is supported by other studies. Such consortia would
facilitate the pooling of data to assess rare subtypes, or combine data from multi-
ply infected families, and would improve reproducibility and other quality con-
trol measures. Participants also noted the need for a linked environmental sur-
veillance system. If cancer clusters were identified within the context of a
nationwide childhood cancer registry, one could identify similar areas in the
United States and look for similar types of clustering. Finally, there are approxi-
mately 80,000 industrial chemicals now registered for use, but very few have
been tested for their health effects singly, synergistically, or with different kinds
of genetic patterns. Hazard assessment for environmental chemicals is essential
and would likely require the collaboration of many federal agencies and the
private sector.

RESEARCH IMPLICATIONS

The workshop highlighted a number of potential research implications. Indi-
viduals discussed the needs for additional collaboration in multidiscliplinary re-
search. One speaker discussed the need for more discovery-driven research to
define the molecular landscape of cancer. This research has to be combined with
epidemiological and animal research to fully understand the potential therapeutic
implications.

We need to continue the trend of investing in research on the preclinical
stages of cancer and on early diagnosis. For example, with recent technological
advances in molecular biology, several speakers noted the potential for cancer
screening—that is, the identification of markers for inherited disease susceptibil-
ity, markers for gene alterations suggesting the development of disease, and
markers of existing disease. These have important implications for cancer re-
search because they allow the targeting of interventions based on genetic status.
Thus, the more that is understood about the fundamental properties of a tumor
cell, the more likely it is that an effective intervention can be identified.

We also have to include the community in the problem, according to some
speakers. If cancer is in the community, then the solution needs to be in the
community. When the community is involved and has “buy-in,” we have access
to greater amount of relevant data (e.g., lifestyle, exposure) that are critical to
understanding cancer in a given geographic area. We need to take research from
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the bench to the bedside, and then back to the bench, if we are to make progress,
they suggested.

Finally, we have to enhance skills and obtain better technologies in the area
of risk communication. A few speakers suggested that the media is looking to
the scientific community for guidance, but the message must be clear. Individu-
als in the community are looking for answers but often are frustrated, according
to some speakers.

POLICY IMPLICATIONS

Since the Cancer Act of 1972, many reports on cancer have discussed the
policy implications of current cancer research. The Institute of Medicine has
released a number of these, including Ensuring Quality Cancer Care and The
Unequal Burden of Cancer. One speaker reminded individuals that these reports
contained a number of recommendations that have not yet been implemented.

Additionally, we will have to allow broad access to population group data,
but we must ensure patient consent and protection of patients’ rights. There will
be a number of ethical–legal–social implications of genetic research that have to
be defined and debated. Handling issues related to technology transfer will con-
tinue to be important in order to advance research results. The science commu-
nity will have to give guidance in these areas to Congress and the public.

Overall, many participants felt that we were making tremendous strides in
the war on cancer. People felt that being diagnosed with cancer is no longer a
death sentence and that the future holds promise for further progress in both
treatment and prevention.
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Abstracts of Talks

GENE–ENVIRONMENT INTERACTIONS
RELATED TO COLON CANCER2

David Alberts, M.D. and M. Elena Martinez, M.D.

Rates of Colorectal Cancer and Adenomatous Polyps. Colorectal cancer
remains the third leading cause of cancer deaths in each sex and second overall
in the United States (Landis et al., 1999), despite the fact that it is largely a
preventable disease. Approximately half of diagnosed individuals will die of this
malignancy. Because adenomatous polyps are precursors to colorectal cancer,
assessing the effect of environmental and genetic factors in adenoma occurrence
and recurrence instead of cancer might help identify relatively asymptomatic
individuals who are at increased risk of cancer and who would benefit most from
an overall public health intervention. Additionally, the identification of risk fac-
tors for recurrence may help define follow-up screening protocols. Although we
have obtained some clues regarding risk factors for newly diagnosed adenomas
(Neugut et al., 1993), few data exist on predictors of adenoma recurrence among
individuals with resected adenomas (Davidow et al., 1996; Tseng et al., 1997;
Baron et al., 1998; Hyman et al., 1998; Whelan et al., 1999).

Genetic Basis for Colorectal Neoplasia. The genetic basis for the develop-
ment of colorectal cancer involves the accumulation of specific somatic muta-
tions in proto-oncogenes and tumor suppressor genes with increasing age

2Supported by a Cancer Research Foundation of America grant, Public Health Service grants CA-
41108 (Colon Cancer Prevention Program Project) and CA-23074 (Arizona Cancer Center Core
Grant) from the National Cancer Institute, and a Career Development Award (KO1 CA-79069-10)
grant to M.E. Martinez from the National Cancer Institute
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(Kinzler and Vogelstein, 1996). However, only a small proportion of colorectal
cancers are attributable to inheritance of these rare, highly penetrant mutated
genes. Epigenetic changes, such as alterations in DNA methylation (e.g., CpG
island methylator phenotype, or CIMP) and gene expression, also may play a
critical role in the development of this malignancy (Baylin et al., 1998). It is
evident too that variability in carcinogen-metabolizing genes influences the risk
of colorectal neoplasia in humans (Gertig and Hunter, 1998; Hussain and Harris,
1998a; Pereira, 1998).

It is clear that susceptibility to colorectal cancer is related to interindividual
variability in biotransformation of endogenous and exogenous substances, as
well as in DNA repair and cell cycle control. Common genetic variation may
enhance susceptibility to environmental carcinogens by altering the rates of acti-
vation and detoxification of carcinogens. The interactions of environmental fac-
tors with metabolic polymorphisms may act via a model in which the exposure
alone, but not the variant genotype alone, increases disease risk; however, expo-
sure interacts with the variant genotype to further increase risk in the exposed
individuals (Vineis, 1997). The same interaction can also modulate disease patho-
genesis in that exposure and susceptibility factors may alter the effects of other
risk factors, such as folate intake, methylenetetrahydrofolate reductase (MTHFR),
CIMP, selenium, or celecoxib intervention, and cyclooxygenase (COX)
upregulation, on adenoma recurrence. An example of such an interaction is the
relationship between alcohol intake, folate, and MTHFR. Classification of sub-
groups of the population into those who may be more vulnerable to the effects of
certain carcinogens may also have important implications beyond risk assess-
ment. Through the identification of an increased risk in certain subgroups, dis-
ease risk factors may be better defined. However, to date, sample sizes for most
studies attempting to uncover gene–environment interactions have been small,
limiting the potential for detecting significant findings.

CIMP as a Marker of Gene Methylation. As stated previously, a genetic
basis for cancer has been established with the assumption that the age (and
mutagen exposure) related accumulation of somatic mutations accounts for the
increased incidence of cancer with age (Ames et al., 1993). The actual rate of
mutation accumulation in aged tissues is more uncertain, with some investiga-
tors finding lower than expected mutation rates (Warner and Price, 1989; Bohr
and Anson, 1995), possibly reflecting the presence of additional mechanisms for
activation and/or inactivation of genes important in the carcinogenesis process.
In the past few years, there has been renewed interest in epigenetic mechanisms
in carcinogenesis (Jones, 1996; Baylin et al., 1998). Epigenetics refers to the
study of changes in gene expression that can be mitotically inherited, without
associated changes in the coding sequence of the affected genes. Aging and
transformed cells show profound changes in gene expression, many of which
cannot be accounted for genetically (Sager, 1997). Methylation of DNA within
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promoter-associated CpG islands can be a powerful molecular mechanism for
gene silencing (Razin and Riggs, 1980; Adams and Burdon, 1982).

In mammals, 5-cytosine methylation of CpG dinucleotides is the only natu-
rally occurring modification of DNA. DNA methylation patterns form early in
development with the establishment of gene and tissue-specific patterns of me-
thylation, which are relatively stable (Razin and Riggs, 1980). In humans, ap-
proximately 70% of CpG dinucleotides are methylated in adult cells (Adams and
Burdon, 1982; Bird, 1992). The function of normal DNA methylation remains
controversial, as suggested by the fact that highly expressed genes tend to be
hypomethylated, and that silent genes tend to be hypermethylated (Cedar, 1988;
Bird, 1992).

Issa and coworkers (Toyota et al., 1999a, 1999b) have developed a defini-
tion for a methylated phenotype referred to as CIMP. This phenotype was devel-
oped after analysis of a number of colon cancers, colorectal adenomas, and nor-
mal colonic mucosa. The research group found that CIMP-positive colorectal
cancers averaged 5.1 methylated loci (out of 7) versus 0.3 for CIMP-negative
tumors. Additionally, some genes were methylated in an age-related manner,
while others were more clearly associated with cancer. Based on this work,
CIMP-positive adenomas were more likely to have Ki-ras mutations, while
CIMP-negative adenomas were more likely to have mutations in p53. Further-
more, CIMP-positive adenomas were found to have lower levels of COX2 ex-
pression because of promoter methylation, and their dependence on expression
of DNA methyltransferase to maintain tumor suppressor gene silencing via
hypermethylation.

Folate, MTHFR, and Gene Methylation. An increasing epidemiologic body
of evidence from case-control (Ferraroni et al., 1994) and cohort studies
(Giovannucci et al., 1995, 1998; Glynn et al., 1996) supports the important role
of folate in reducing the risk of colorectal cancer. Another study (Ma et al.,
1997), which did not have comprehensive dietary data, showed an inverse asso-
ciation between plasma folate and risk of colon cancer. Folate intake and blood
levels have also been consistently associated with lower risk of colon adenomas
(Giovannucci et al., 1993; Tseng et al., 1996). Recent results indicate that in-
creased consumption of folic acid from supplements, after a period of 15 or more
years, may decrease the risk of colon cancer by about 75% (Giovannucci et al.,
1998). Giovannucci et al. (1993) have proposed that the increased risk associated
with low folate levels is related to intracellular methylation defects. Addition-
ally, these investigators proposed that alcohol consumption increases the risk of
colorectal neoplasia by acting as a folate antagonist; this hypothesis is based on
data demonstrating the modifying effect of folate and methionine on the alcohol
and colorectal neoplasia relationship (Giovannucci et al., 1993, 1995; Ma et al.,
1997).

Given the epidemiologic evidence for the proposed protective effect of folate
on colorectal neoplasia, some studies have explored the mechanisms involved in
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this association. Because folate is the primary methyl donor in cellular metabo-
lism (Hoffman, 1985), markers of folate status are important factors to address in
the etiology of gene methylation. A critical role of folate is in synthesizing
methionine from homocysteine (Hoffman, 1985). Methionine, in turn, is con-
verted to S-adenosylmethionine (SAM), the primary methyl donor in the reaction
transferring a methyl group to the enzyme 5’-cytosine-DNA methyltransferase.
Transfer of a methyl group from SAM to methyltransferase produces S-adeno-
sylhomocysteine (SAH), which is then hydrolyzed to homocysteine. Folate is
also essential for nucleotide biosynthesis (Eto and Krumdieck, 1986). In folate
deficiency, thymidylate shortages cause an imbalance in the thymidylate–deoxy-
uridylate pool and a resultant incorporation of uridylate into DNA. Excess
uridylate incorporation into DNA results in unstable chromosomes, decreased
DNA repair, and increased chromosome breaks (Barclay et al., 1982; Reidy,
1987; Everson et al., 1988; Dianov et al., 1991; James et al., 1992).

Genetic Polymorphisms of MTHFR. A genetic factor that modifies the
effects of folate status has recently been identified that includes the inherited
variation in the activity of MTHFR, a critical enzyme involved in the production
of the form of folate that supplies the methyl group for methionine synthesis
(Kutzbach and Stokstad, 1971). Different endogenous forms of folate, 5-methyl-
tetrahydrofolate, and 10-methylenetetrahydrofolate, are essential for DNA me-
thylation and DNA synthesis, respectively. A common thermolabile polymor-
phism in the MTHFR gene (C677→T, alanine→valine) has been shown to be
protective against colon cancer in some (Chen et al., 1996; Ma et al., 1997;
Slattery et al., 1999; Ulrich et al., 1999) but not all (Chen et al, 1998) studies.
Low MTHFR activity is thought to protect against colorectal cancer since less
tetrahydrofolate is converted to 5-methyltetrahydrofolate, allowing more folate
to be shunted toward DNA synthesis and repair. In these studies, an inverse
association was shown for the presence of the val/val genotype and colorectal
cancer among individuals with adequate folate intake, whereas this effect was
not seen among those with low folate intake (Chen et al., 1996; Ma et al., 1997).
Since MTHFR is required to convert 5,10-methylenetetrahydrofolate to 5-
methyltetrahydrofolate, individuals with low MTHFR levels (val/val homozy-
gotes) would be expected to have relatively high levels of 5,10-methylene-
tetrahydrofolate resulting from the low levels of the 5-methyltetrahydrofolate
(Frosst et al., 1995). Therefore, in a low-folate environment where there are
inadequate quantities of methyl groups for these pathways, individuals with the
val/val genotype do not divert as much folate from the thymidylate pathway to
the methylation pathway, resulting in lower SAM levels and high levels of ho-
mocysteine. Under conditions in which folic acid levels are insufficient to meet
metabolic needs, val/val homozygotes would be less efficient at diverting folate
metabolites into the 5-methyltetrahydrofolate product, resulting in a shortage of
methyl groups. When levels of 5,10-methylenetetrahydrofolate (which is required
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to convert deoxyuridylate to thymidylate) are low, misincorporation of uracil for
thymidine may occur during DNA synthesis (Wickramasinghe and Fida, 1994),
possibly increasing spontaneous mutation rates (Weinberg et al., 1981), sensitiv-
ity to DNA-damaging agents (Meuth, 1981), frequency of chromosomal aberra-
tions (Sutherland, 1988; Fenech and Rinaldi, 1994), or errors in DNA replication
(Hunting and Dresler, 1985; Fenech and Rinaldi, 1994; James et al., 1994).

Folate Deficiency and CpG Island Gene Methylation. The proposed
mechanism for the above-reviewed studies relates to dietary factors that influ-
ence methyl group availability, which can in turn affect DNA methylation. DNA
methylation is an essential mechanism of gene regulation, and disturbances may
cause differential gene expression (Cedar, 1988). In animal models, folate defi-
ciency can cause imbalances in DNA methylation (Wainfan and Poirier, 1992;
Kim et al., 1996). Furthermore, folate deficiency in rats has been shown to
induce DNA strand breaks and altered methylation within the p53 tumor sup-
pressor gene (Kim et al., 1997) and to result in deoxynucleotide pool distur-
bances (James et al., 1992). Given this literature, support for the potential effect
of folate status and methyl group availability in the etiology of CIMP status
exists. Additional supporting evidence for this association derives from our own
study (Martinez et al., 2001), in which a low intake of folate was associated with
a significantly higher risk of Ki-ras mutations in adenomatous polyps. Previous
work by Toyota et al. (1999a) indicates that CIMP-positive adenomas are more
likely to harbor Ki-ras mutations than CIMP-negative adenomas. Thus, the po-
tential role of folate in the etiology of Ki-ras, mutations along with data support-
ing the high rate of these mutations in CIMP-positive adenomas, suggests that
folate may be involved in the etiology of CIMP-positive adenomas.

Dietary Folate Intake, MTHFR Status, and Colorectal Cancer. Published
data on the interaction between folate and MTHFR in the etiology of colorectal
neoplasia are inconsistent, suggesting that this interaction is more complex than
originally proposed. In a recent report of more than 3,000 case and control par-
ticipants (Slattery et al., 1999), a lower risk of colorectal cancer associated with
higher intake of folate was shown among individuals with the val/val genotype
as compared to those with the ala/ala genotype who had low folate intake (odds
ratio (OR)  = 0.6; 95% confidence interval = 0.4–1.0). Of particular interest, the
effects of folate among the val/val genotypes appeared to be stronger for the
proximal (OR = 0.5) compared to the distal (OR = 0.8) colon. Based on Issa’s
work, CIMP-positive adenomas were more prevalent in the proximal colon,
which may be related to factors affecting folate metabolism and methyl group
availability.

Plasma Homocysteine, MTHFR Status, and Polyp Recurrence. We pro-
spectively examined whether plasma levels of homocysteine were associated
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with the risk of recurrence of adenomatous polyps (Martinez et al., 2001). Analy-
ses were conducted among 1,014 men and women, 40 to 80 years of age, en-
rolled in a Phase III trial testing the effects of a wheat bran fiber intervention on
adenoma recurrence. We also examined whether the association between plasma
homocysteine and adenoma recurrence was modified by the MTHFR genotype
among 961 participants with genotype data. Homocysteine in plasma was ana-
lyzed at baseline by high-performance liquid chromatography (HPLC). MTHFR
genotyping was performed by high-throughput microarray technology. Com-
pared to participants with lower plasma homocysteine levels, those with higher
levels were older, were more likely to be male, had lower intakes of total (dietary
plus supplemental) folate, had higher alcohol intakes, and had lower plasma
folate levels. After adjustment for age, gender, number of colonoscopies, and a
history of previous polyps, the odds ratio for adenoma recurrence for individuals
with homocysteine levels >11.6 mmol/l was 1.45 (95% CI = 0.98–2.14; P-trend
= 0.02) compared to those with levels <7.8. When we assessed the relationship
between homocysteine levels and adenoma recurrence according to MTHFR sta-
tus, individuals with the TT genotype and homocysteine levels above the median
(>9.4) had a higher risk of recurrence (relative risk = 1.96) compared to those
with the CC genotype and homocysteine levels below the median. The results of
these analyses suggest a modest effect of plasma homocysteine levels on ad-
enoma recurrence and a risk-enhancing effect of high homocysteine levels on
adenoma recurrence among individuals with the TT MTHFR genotype.

DIET AND RISK OF CHILDHOOD CANCER

Greta Bunin, Ph.D.

Epidemiologists often broadly define environment to encompass anything
that is not genetics. Diet is an integral part of the environment. All solids includ-
ing fish, foul, meat, grains, vegetables, and foods may contain trace contami-
nants (e.g., pesticides, heavy metals, polychlorinated biphenyls [PCBs]). The
evidence is just beginning to emerge on the role of diet and cancer in children
and, more specifically, the role of diet in the generation of cancer.

Fewer than 20 studies have looked for a link between childhood cancer and
diet. Most commonly, researchers have investigated the link between brain can-
cer and diet because of a hypothesis based on animal data. The hypothesis postu-
lates that children with greater exposure to N-nitroso compounds (NOCs) and
their precursors are more likely to develop a brain tumor compared to other
children. In many species of animals, NOCs are highly potent carcinogens. Some
NOCs induce nervous system tumors, and for a few NOCs, the risk of tumor
development is multiplied when the exposure occurs in utero.

Human exposure to NOCs is widespread, and they have been detected in
many common products, including cigarette smoke, automobile interiors, and
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cosmetics. Additionally, we are also exposed to precursors that combine to form
NOCs in our stomachs and elsewhere in our bodies. In fact, most human expo-
sure is thought to occur via synthesis in the body from precursors. Substances
such as vitamins C and E inhibit the formation of NOCs and, thus, may be
important for the prevention of brain tumors.

Diet is a major source of NOCs, NOC precursors, and NOC inhibitors.
Meats cured with nitrites, such as hot dogs and lunch meat, contain NOCs and
NOC precursors, while fruits, vegetables, and vitamin supplements contain NOC
inhibitors. Therefore, researchers hypothesize that a mother’s frequent eating of
cured meats and infrequent eating of fruits and vegetables increase the risk of
brain tumors in children.

Of the eight studies investigating the NOC hypothesis, four found a signifi-
cant doubling of risk of brain cancer when the mother frequently consumed
cured meats during pregnancy. In a fifth study, a similar association was ob-
served but it was not significant. Two studies had small numbers of children
with brain tumors, which may explain why they failed to detect a difference. The
last study looked at a less common type of brain tumor and observed no associa-
tion with cured meat. This tumor type has a different sex and age distribution
than the most common type and therefore might have a different etiology as
well. Overall, the data are fairly consistent for an association between frequent
consumption of cured meats during gestation and childhood brain tumors. Fur-
ther research will be needed to determine if the brain tumors are due to the NOCs
in cured meats or to a nutrient such as high fat or low folate in the diet.

SIMILARITIES OF PROSTATE AND BREAST CANCER:
EVOLUTION, DIET, AND ESTROGENS

Donald S. Coffey, Ph.D.

The risk of both prostate and breast cancer is similar and primarily deter-
mined by the environment in which one lives, and this risk can vary more than
tenfold between countries. In contrast, no risk exists for human seminal vesicle
cancer, thus demonstrating tissue specificity for cancer in the human. There is
also species specificity because there is no risk for prostate cancer in any other of
the thousand of aging mammal species except the dog. Evolution indicates that
the prostate and breast appeared at the same time 65 million years ago with the
development of mammals. All male mammals have a prostate; however, the
presence of seminal vesicles is variable and is determined by the diet so that
species primarily eating meat do not have seminal vesicles. The exception is the
human, who has seminal vesicles and consumes meat, although this is a recent
dietary change. Human lineage departed from other higher primates 8 million
years ago. The closest existing primate to humans is the bonobo (pigmy chim-
panzee), which does not eat meat but exists primarily on a high-fruit and fresh
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vegetable diet. Homo sapiens evolved only about 150,000 years ago, and only in
the last 10% of that time (10,000–15,000 years ago) did humans and dogs dra-
matically alter their diets. This is the time when humans domesticated the dog,
bred animals, grew crops, and cooked, processed, and stored meats and veg-
etables. Current epidemiologic evidence and suggestions for preventing prostate
and breast cancer in humans indicate that we should return to the original type of
diets under which our ancestors evolved. The recent development of the West-
ern-type diet is associated with breast and prostate cancer throughout the world.
It is believed that the exposure to and metabolism of estrogen, and the dietary
intake of phytoestrogens, combined with fat intake, obesity, and burned food
processing, may all be related to hormonal carcinogenesis and oxidative DNA
damage. An explanatory model is proposed. (For details see Coffey, 2001.)

EFFECT OF HERBAL THERAPIES ON PROSTATE CANCER

Robert S. DiPaola, M.D.

Background. Herbal mixtures are popular alternatives to demonstrated
therapies. PC-SPES, a commercially available combination of eight herbs, is
used as a nonestrogenic treatment for cancer of the prostate. Since other herbal
medicines have estrogenic effects in vitro, we tested the estrogenic activity of
PC-SPES in yeast and mice and in men with prostate cancer.

Methods. We measured the estrogenic activity of PC-SPES with transcrip-
tional activation assays in yeast and biologic assay in mice. We assessed the
clinical activity of PC-SPES in eight patients with hormone-sensitive prostate
cancer by measuring serum prostate-specific antigen and testosterone concentra-
tions during and after treatment.

Results. PC-SPES had estrogenic activity similar to that of 1 nM estradiol,
and in ovariectomized CD-1 mice, the herbal mixture increased uterine weights
substantially. In six of six men with prostate cancer, PC-SPES decreased serum
testosterone concentrations (P < 0.005), and in eight of eight patients, it de-
creased serum concentrations of PSA. All eight patients had breast tenderness
and loss of libido, and one had venous thrombosis. HPLC, gas chromatography,
and mass spectometry showed that PC-SPES contains estrogenic organic com-
pounds that are distinct from diethylstilbestrol, estrone, and estradiol.

Conclusions. PC-SPES has potent estrogenic activity. The use of this un-
regulated mixture of herbs may confound the results of standard or experimental
therapies and may produce clinically significant adverse effects. Further studies
to identify the estrogen(s) responsible for this activity are warranted.

Copyright © National Academy of Sciences. All rights reserved.

Cancer and the Environment: Gene-Environment Interactions
http://www.nap.edu/catalog/10464.html

http://www.nap.edu/catalog/10464.html


78 CANCER AND THE ENVIRONMENT

COLORECTAL CANCER AND ENVIRONMENTAL RISK FACTORS

Raymond N. DuBois, M.D., Ph.D.

Risk factors for colorectal cancer include a positive family history, meat
consumption, smoking, and alcohol consumption. A reduction in risk for the
disease is associated with vegetable intake, use of nonsteroidal anti-inflamma-
tory drugs (NSAIDs), hormone replacement therapy, and physical activity. There
are several genetic and epigenetic alterations that are known to be involved in
the development of colorectal cancer. These alterations are important in both
inherited syndromes such as familial adenomatous polyposis (FAP) or hereditary
nonpolyposis colorectal cancer (HNPCC) and in sporadic tumors. It will be im-
portant to understand the roles of environmental exposure and host susceptibility
to develop better screening, prevention, and treatment strategies.

Population-based studies indicate a 40–50% reduction in mortality from
colorectal cancer in persons using NSAIDs on a regular basis (Smalley and
DuBois, 1997). Colorectal cancer is a major cause of death from cancer in West-
ern civilizations, claiming more than 55,000 lives in the United States each year.
Environmental and dietary factors play an important role in the etiology of this
disease as well as the known genetic components. Research efforts have been
focused on understanding the molecular basis for the chemoprotective effects
associated with use of aspirin and other NSAIDs. NSAIDs inhibit both
cyclooxygenase-1 (COX-1) and cyclooxygenase-2 (COX-2) activity (Williams
and DuBois, 1996). Since COX-2 levels are increased in a number of solid
tumors, this enzyme may serve as a molecular target for cancer prevention (Sheng
et al., 1997). Recent clinical studies indicate that the presence of COX-2 in
human lung and colon cancers is associated with a negative clinical prognosis
(Achiwa et al., 1999; Sheehan et al., 1999). Therefore, COX-2 inhibitors are
currently being evaluated for the prevention and/or treatment of cancer in hu-
mans (Steinbach et al., 1999).

GENES AND THE ENVIRONMENT IN CANCER ETIOLOGY

Joseph F. Fraumeni, Jr., M.D.

The importance of environmental factors in human cancer has long been
evident from the striking international variation reported in cancer incidence,
resulting in estimates that perhaps 80% of all cancer in the United States is
potentially preventable or avoidable. Further indications of environmental can-
cer come from the shifts in the cancer experience of migrant populations whose
rates tend to approximate those of the host country, the geographic patterns of
cancer within the United States, the changing incidence of certain cancers over
time, ethnic and socioeconomic differentials, and the abundant epidemiologic
evidence linking carcinogenic risks to a variety of lifestyle and other environ-
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mental exposures. Not long ago, the role of inherited susceptibility in human
cancer was considered to be quite small given the rarity of hereditary cancer
syndromes, but recent progress in identifying and characterizing highly pen-
etrant but relatively rare susceptibility genes in familial cancer has revolution-
ized our understanding of genetic mechanisms and their critical importance in
cancer etiology. Of special significance to the public health burden of cancer,
however, are the common polymorphic susceptibility or modifier genes that con-
fer low relative and absolute risks, but high population-attributable risks in the
presence of relevant environmental exposures. The two classes of genes repre-
sent parts of a continuum because even the highly penetrant genes responsible
for hereditary cancer may involve environmental exposures for expression, as
illustrated by the susceptibility to carcinogens in hereditary retinoblastoma and
Li–Fraumeni syndrome.

Especially exciting is the opportunity to parlay discoveries of polymorphic
genes and their functions into a better understanding of environmental carcino-
genesis. By incorporating careful exposure assessment and mechanistically plau-
sible candidate susceptibility genes into epidemiological study designs, it should
be possible to identify the more subtle risks due to specific dietary and nutri-
tional factors, metabolic alterations, environmental pollutants, and other com-
mon exposures that have eluded traditional epidemiologic approaches. Although
the molecular and statistical tools to examine complex gene–environment inter-
actions are still in development, opportunities now exist for population and fam-
ily-based studies using biomarkers that integrate the search for susceptibility
genes and the exogenous and endogenous exposures that cause cancer. While the
methodologic challenges of “molecular epidemiology” are formidable, this inter-
disciplinary approach to cancer etiology should provide unprecedented opportu-
nities to enlarge our understanding of environmental and genetic risk factors and
their biological pathways, and set the stage for new clinical and public health
strategies aimed at preventing and controlling cancer.

CANCER DISPARITIES IN APPALACHIA

Gilbert H. Friedell, M.D.

Despite recent good news about decreasing U.S. cancer mortality rates, not
all population subgroups are sharing in this success story. Progress toward meet-
ing the cancer-related Healthy People 2010 goals will be hampered by the
nation’s inability to deal effectively with the greater cancer burden borne by
certain vulnerable populations. These “special populations,” defined as popula-
tion groups at higher-than-average risk of death, disease, and disability, include
people with low incomes, African Americans, Hispanics, American Indians, and
other ethnic minorities.
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In addition, the National Cancer Institute (NCI) has stated that it considers
rural residents to constitute “a special population.” Rural Americans tend to be
older, poorer, less educated, and more likely to be uninsured than their urban
counterparts. Rural communities have higher rates of chronic illness and disabil-
ity, and report poorer overall health status than their urban neighbors. Residents
in rural areas generally have less contact and fewer visits with physicians and, in
general, lower levels of preventive care. In addition to factors related to rural
health status and practices, there are systemic factors related to rural life in
general (e.g., lack of public transportation and lower levels of other community
services) that may also contribute to less than optimal cancer control.

All of these factors are evident in the largely rural and predominantly white
population of Appalachia, particularly in the Central Highlands, including the
Appalachian counties of Ohio, West Virginia, Kentucky, Tennessee, and Vir-
ginia. Lung cancer is a leading cause of male cancer deaths in central Appala-
chia, with the highest rate in Appalachian Kentucky, the geographic area where
the Behavioral Risk Factor Surveillance Survey data (BRFSS) indicate the high-
est rates of cigarette smoking in the state. Cervical cancer mortality rates are also
higher in central Appalachia than in the U.S. population as a whole.

Data from the Kentucky cancer registry showed that the incidence of inva-
sive cervical cancer and lung cancer in eastern Kentucky is higher than the
incidence of these cancers in the overall Kentucky population and in the popula-
tion covered by the Surveillance, Epidemiology, and End Results (SEER) pro-
gram. It is, however, quite similar to the incidence of lung cancer and cervical
cancer in the predominantly urban, African American population of Kentucky.

Poverty is a common characteristic in much of this region. Some of the
counties in Appalachian Kentucky, for example, are among the poorest in the
country. In the same geographic areas, the level of literacy—indicated by the
highest grade of formal schooling completed—is also lower than in most of the
country. Problems associated with poverty are similar to those confronting poor
populations in other parts of the country, but the latter are often characterized by
race or ethnicity rather than by socioeconomic status (SES). This use of race and
ethnicity as surrogates for poverty has obscured the fact that the problems related
to cancer in the poor white population are comparable in many ways to those
seen in recognizable minority populations.

Individuals living in poverty often do not receive quality health care, includ-
ing cancer prevention, diagnosis, treatment, and appropriate follow-up care, be-
cause services are not available, accessible, and/or utilized. Behavioral risk fac-
tors, such as tobacco use, poor nutrition, obesity, and underutilization of cancer
screening examinations are more evident in impoverished populations. The so-
cial environment in which poor people live also prevents the development of
healthy behaviors. Freeman has pointed out that poverty “is a proxy for other
elements of living, including lack of education, unemployment, substandard
housing, poor nutrition, risk-promoting lifestyles and behaviors, and a dimin-
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ished access to health care,” all of which affect individual chances of developing
cancer and surviving it. However, until cancer surveillance incorporates socio-
economic status into its database, the relationship between poverty and cancer in
population groups will be difficult to sort out.

Data concerning income or other elements of SES generally are not col-
lected by either hospital- or population-based cancer registries. It is therefore
difficult to identify individuals whose income is below the poverty line. In Ap-
palachia, however, and specifically in the defined geographic area of central
Appalachia, a high proportion of the almost entirely white, largely rural popula-
tion is poor.

Research is hampered by the lack of access to necessary data. Currently in
eastern Kentucky, the average levels of income, education, and other elements
of SES can be determined, but obtaining this information on an individual basis
for patients at the present time is quite difficult. The necessary data are generally
not available in the medical records of cancer patients. Moreover, to have mean-
ingful, population-based data for the purposes of comparison, this information
would necessarily have to be a part of the medical record for all patients at both
in-patient and ambulatory facilities.

Some barriers to increased participation in cancer control programs exist at
all socioeconomic levels, (e.g., lack of information about cancer and about both
the availability and the benefit of cancer screening). Fear of what might be found
during such an examination mitigates against women either gaining information
about cancer or doing something with the information once it is obtained. Addi-
tionally, health literacy continues to be a problem. The average reading level in
this region is approximately at the fifth or sixth grade, making it difficult for
individuals to understand and correctly respond to higher-level printed materials.
Addressing issues such as these at the community level will be necessary.

TUMOR SUPPRESSOR GENES: AT THE CROSSROADS OF
MOLECULAR CARCINOGENESIS, MOLECULAR EPIDEMIOLOGY,

AND HUMAN RISK ASSESSMENT

Curtis C. Harris, M.D.

Environmental, occupational, and recreational exposures to carcinogens con-
tribute to cancer risk in humans. Cancer formation is a multistage process in-
volving the activation of proto-oncogenes and the inactivation of tumor suppres-
sor genes. Carcinogens can interact during any of these stages through genetic
and epigenetic mechanisms.

Mutational spectra of cancer-related genes (e.g., p53, BRCA-1, and p16INK4)
may provide a molecular link between etiological agents and human cancer.
Mutations in the evolutionarily conserved codons of the p53 tumor suppressor

Copyright © National Academy of Sciences. All rights reserved.

Cancer and the Environment: Gene-Environment Interactions
http://www.nap.edu/catalog/10464.html

http://www.nap.edu/catalog/10464.html


82 CANCER AND THE ENVIRONMENT

gene are common in diverse types of human cancer (Hollstein et al., 1994), and
the mutational spectra differ among cancers of the colon, lung, esophagus, breast,
liver, brain, reticuloendothelial tissues, and hemopoietic tissues. Analysis of these
mutations may provide clues to the mutagenic mechanisms and the function of
specific regions of p53 and generate hypotheses for investigation (Hussain and
Harris, 1998a). Most transversions in lung, breast, and esophageal carcinomas
are dispersed among numerous evolutionarily conserved codons within the p53
domain responsible for sequence-specific DNA binding and transcriptional ac-
tivity. Transitions predominate in colon, brain, and lymphoid malignancies. Mu-
tational hotspots at CpG dinucleotides in codons 175, 248, 273 of the p53 gene
and condon 282 may reflect an endogenous mutagenic mechanism, (e.g., the
deamination of 5-methylcytosine to thymidine). Oxyradicals and nitrogen
oxyradicals may enhance the rate of deamination. For example, we have ob-
served that (1) an increased production of nitric oxide (NO) by nitric oxide
synthase-2 (NOS2) is associated with p53 cytosine to thymidine (C to T) transi-
tions during colon carcinogenesis (Ambs et al., 1999); (2) p53 transrepresses
basal and cytokine-induced NOS2 expression in vitro (Forrester et al., 1996) and
in vivo (Ambs et al., 1998a); and (3) NO increases both the expression of the
vascular endothelial growth factor and angiogenesis (Ambs et al., 1998b). p53
G:C to T:A (where G = guanosine and A = adenosine) transversions are the most
frequent substitutions observed in cancers of the lung, breast, stomach, and liver,
and are more likely to be due to bulky carcinogen–DNA adducts. G:C to T:A
transversions also are more common in lung cancers from smokers compared to
never smokers (Takeshima et al., 1993; Hussain and Harris, 1998b) and are more
frequent in lung cancers from women compared to men (Guinee et al., 1995).
The high frequency of G to T p53 mutations in the nontranscribed DNA strand is
a reflection of strand-specific repair of the transcribed strand (Evans et al., 1993).
The p53 gene may also contribute to DNA repair and apoptosis by protein–
protein interactions with transcription–repair factors, XPB (ERCC3) and XPD
(ERCC2), and in TFIIH (Wang et al., 1994, 1995a, 1996). A p53 mutation,
allelic deletion and/or posttranslationally modified protein can be an early event
in bronchial, mammary, or esophageal carcinogenesis (Bartek et al., 1990;
Davidoff et al., 1991; Bennett et al., 1992; Sozzi et al., 1992; Sundaresan et al.,
1992; Vahakangas et al., 1992; Nuorva et al., 1993) and may prove useful in the
early diagnosis of cancer.

In liver tumors from persons living in geographic areas where aflatoxin B1
(AFB) and hepatitis B virus (HBV) are cancer risk factors, most p53 mutations
are at the third nucleotide pair of codon 249 (Hsu et al., 1991). A dose-dependent
relationship between dietary AFB intake and codon 249ser p53 mutations is ob-
served in hepatocellular carcinoma. Exposure of AFB to human liver cells in
vitro produces 249ser (AGG to AGT) p53 mutants (Aguilar et al., 1993; Mace et
al., 1997). The mutation load of 249ser mutant cells in nontumorous liver also is
positively correlated with dietary AFB exposure (Aguilar et al., 1994). These
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results indicate that the expression of the 249ser mutant p53 protein provides a
specific growth and/or survival advantage to liver cells. Because cellular context
may influence the pathobiological effects of specific mutants of p53, the 249ser

mutant may be especially potent in hepatocytes by the enhanced growth rate of
p53-null HEP-3B cells by transfected 249ser mutant p53, and indicates a gain of
oncogenic function (Ponchel et al., 1994). The 249ser mutant p53 is more effec-
tive than other p53 mutants (143ala, 175his, 248trp, and 282his) in inhibiting wild-
type p53 transcriptional activity in human liver cells (Forrester et al., 1995). One
model concerning the generation of liver cancers with the 49ser mutation is the
following: (1) AFB is metabolically activated to form the promutagenic N7dG
adduct; and (2) enhanced cell proliferation due to chronic active viral hepatitis
allows both the fixation of the G:C to T:A transversion in codon 249 of the p53
gene and selective clonal expansion of the cells containing this mutant p53 gene.
HBV also has significant pathobiological effects. For example, the HBVX gene
is frequently integrated and expressed in human hepatocellular carcinomas from
high-risk geographic areas (Unsal et al., 1994; Paterlini et al., 1995). Hepatitis B
viral gene products may form complexes with cellular transcription factors (e.g.,
ATF2; Maguire et al., 1991), upregulate transcription of cellular and viral genes
(Twu and Schloemer, 1987; Spandau and Lee, 1988; Shirakata et al., 1989;
Caselmann et al., 1990; Kekule et al., 1990) including NOS2 (Elmore et al.,
1997), or activate the ras-raf-MAP kinase signaling cascade (Benn and Schneider,
1994). Inactivation of the p53 tumor suppressor gene functions, including DNA
repair and apoptosis, may be another consequence of the cellular protein–HBV
oncoprotein complex formation. The HBVX protein binds to p53 (Pirisi et al.,
1987; Wang et al., 1994; Ueda et al., 1995), sequesters it in the cytoplasm
(Elmore et al., 1997), and inhibits its sequence-specific DNA binding and tran-
scriptional activity (Wang et al., 1994). The HBVX protein also inhibits p53-
dependent apoptosis (Wang et al., 1995b). In nucleotide excision DNA repair,
the HBVX protein may modulate p53 function (Wang et al., 1995a; Jia et al.,
1999), including the repair of AFB1–DNA adducts. HBV integration also could
increase genomic instability, including abnormal chromosomal segregation, and
increase the rates of DNA recombination (Hino et al., 1989, 1991).

Three other associations between the p53 mutational spectra and carcinogen
exposure have been observed. The induction of skin carcinoma by ultraviolet
light is indicated by the occurrence of p53 mutations at dipyrimidine sites, in-
cluding CC to TT double-base changes (Brash et al., 1991; Ziegler et al., 1994).
The p53 mutational spectrum in radon-associated lung cancer from uranium min-
ers also differs from lung cancer caused by tobacco smoking alone (Vahakangas
et al., 1992; Taylor et al., 1994). Hepatic angiosarcomas induced by occupa-
tional exposure to vinyl chloride have a high frequency of A:T to T:A p53
mutations when compared with sporatic angiosarcoma (Hollstein et al., 1994;
unpublished results). In summary, these differences in mutational frequency and
spectra among human cancer types indicate the following: (1) the etiological
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contributions of both exogenous and endogenous factors to human carcinogen-
esis; (2) specific proliferative effects conferred by different mutant p53 genes in
different human cell types; and (3) hypotheses for investigation (Hussain and
Harris, 1998b). These genetic changes in the tumor suppressor genes also have
implications for cancer diagnosis, prognosis, and therapy (Harris and Hollstein,
1993; Harris, 1996).

The association of a suspected carcinogenic exposure and cancer risk can be
studied in populations by classic epidemiologic techniques. However, these tech-
niques are not applicable to the assessment of risk in individuals. A goal of
molecular epidemiology is to integrate molecular biology, in vitro and in vivo
laboratory models, biochemistry, and epidemiology to infer individual cancer
risk (Harris, 1991; Shields and Harris, 1991; Perera and Santella, 1993; Perela,
1997; Ponder, 1997). Carcinogen–macromolecular adduct levels and somatic
cell mutations can be measured to determine the biologically effective dose of a
carcinogen. Molecular epidemiology also explores host cancer susceptibilities,
such as carcinogen metabolic activation, DNA repair, endogenous mutation rates,
and inheritance of mutated tumor suppressor genes. Substantial interindividual
variation for each of these biological end points has been shown (Harris, 1991)
and highlights the need for assessing cancer risk on an individual basis. Given
the pace of the past decade, it is feasible that future advances will allow molecu-
lar epidemiologists to develop a cancer risk profile for an individual that in-
cludes assessment of a number of exposure and host factors. This will help focus
preventive strategies and strengthen quantitative risk assessments.

GENETIC EPIDEMIOLOGY AS A TOOL FOR GENE–
ENVIRONMENT INTERACTIONS

Kari Hemminki, M.D., Ph.D.

Age-incidence relationships and experimental evidence suggest that cancer
is a polygenic multifactorial disease (Armitage and Doll, 1954; Kinzler and
Vogelstain, 1996). Tumors are monoclonal, implying that multiple hits need to
affect a single clone of cells. Multifactorial diseases include an environmental
component, which has been assumed to be the main cause in most types of
cancer. The support for multistage carcinogenesis in vivo is limited. Almost all
the known cancer syndromes are monogenic, and they conform to a two-stage
model in requiring inactivation of the two copies of the tumor suppressor gene
(Vogelstein and Kinzler, 1998). In this presentation, I consider the effects of
multistage carcinogenesis for study of familial cancer, based on Swedish popula-
tion and cancer registries. These sources of data allow estimations of the envi-
ronmental and heritable contributions in the causation of cancers.

It is estimated that some 1% of cancer is caused by the currently known
cancer syndromes and up to 5% by highly penetrant single-gene mutations
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(Lynch et al., 1995; Vogelstein and Kinzler, 1998). These data apply to domi-
nant Mendelian conditions, which can be assessed in family studies covering
two or more generations. However, such studies provide no data on recessive
Mendelian conditions and have a limited resolving power on polygenic condi-
tions (Fearon, 1997). Consequently, apart from highly penetrant single-gene
mutations, the estimation of the total hereditary contribution is extremely diffi-
cult. The risks posed by low-penetrance single-gene mutations, polygenes, and
recessive genes are poorly understood.

Twin Model: Nonparametric Approach. Studies among twins are tradi-
tional tools for dissecting questions about disease etiology, genes, and environ-
ment. The twin model is particularly valuable because the mode of inheritance
need not to postulated, (i.e., the approach is nonparametric, and the results are
informative of the overall genetic effects). Polygenic effects are diluted among
dizygotic twins but not among monozygotic twins. Twin studies invite genetic
interpretation because monozygotic twins are genetically identical and dizygotic
twins share half of their segregating genes. Thus, if monozygotic twins are more
similar for a trait than dizygotic twins, genetic effects are likely to be involved.
If there is twin similarity not accounted for by genetic effects, this indicates that
shared environmental effects, (e.g., shared childhood experiences such as diet),
contribute to variance in the trait. Yet the rareness of twinning has limited this
approach to a few publications addressing the relative importance of genetic and
environmental effects in cancer, the largest of these studies originating from the
Nordic countries.

A cancer study was carried out by pooling data from the Swedish, Finnish,
and Danish twin registries for joint analysis (Lichtenstein et al., 2000). The aim
of this study was to provide reliable estimates of genetic and environmental
effects for the most common cancer sites and to assess the modification of such
estimates by age at diagnosis. Data from 90,000 twins were combined to assess
the cancer risks at 28 sites for co-twins of twins with cancer. A structural equa-
tion model, MX, was applied in estimating the proportions of variation in can-
cers due to environmental and inherited causes. The nonshared random environ-
mental effect was the largest factor for all cancers, accounting for 58–82% of the
total variation. Statistically significant heritability estimates were detected for
cancers of the colorectum (35%), breast (27%), and prostate (42%). Estimates
for the shared environmental effects ranged from 0 to 20%, but none were statis-
tically significant. There were no significant differences between sexes at any of
the sites.

The Family-Cancer Database. The Swedish Family-Cancer Database now
contains data on 10 million people, organized in families, and their 1 million
cancers, retrieved from the Swedish Cancer Registry (Hemminki and Vaittinen,
1999). The Family-Cancer Database is the largest population-based data set ever
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used for studies on familial cancer. The database has been used in some 80
studies characterizing familial risks of various cancers. It has been used to model
for cancer causation, using the same MX program employed in the above-
mentioned twin study (Hemminki et al., 2001). Because of the overwhelming
size of the data, most estimates for environmental and heritable causes were
statistically significant. However, the results were not different from the twin
studies. Environmental causes explained most of the total variation for all neo-
plasms except thyroid cancer, for which heritable causes were largest. For ex-
ample, the estimate for heritable causes of 25% in breast cancer was in line with
the estimate from twins.

Multiple Cancers. An increased occurrence of second primary cancers can
result from intensive medical surveillance after first diagnosis, therapy-induced
exposure to X-rays and carcinogens, and shared environmental and hereditary
causes between the first and second cancer. I will take up only the aspect relating
to genetic epidemiology, the hereditary risks possibly revealed in second can-
cers. The risks for second cancer tend to be much higher than those for the first
cancer. Very high risks for second cancer were noted for nose, skin (squamous
cell carcinoma), connective tissue, and leukemia. We have analyzed the effect of
family history on some cancers, such as breast cancer, and it is an important
factor but affects a relatively small proportion of patients with second breast
cancer (Dong and Hemminki, 2001; Vaittinen and Hemminki, 2000). The data
suggest that patients with second cancer include a subgroup with a strong genetic
predisposition to cancer, which often cannot be predicted by a family history.
Such risks would be typical of polygenic diseases, and our tenet in the recent
work on second cancers has been that they may serve as a unique population
model for polygenic cancers (Dong and Hemminki, 2001; Hemminki and
Mutanen, 2001).

Interpretations. There is a consensus on the predominant importance of
environmental factors and somatic events in human cancer, and the present re-
sults on the twin and family sets quantified the effect of nonshared environment
to range from 40 to 90% for different cancers. Nonshared environment encom-
passes anything that is not hereditary and not shared between the relatives (spo-
radic causes of cancer). It is of interest to note that this effect was large for some
cancers of identified environmental causes, such as lung and cervical cancers.
Shared environment, summing up common family experiences and habits of
family member, accounted for 0–30% of etiology. The structural equation mod-
eling carried out can accommodate both dominant and recessive Mendelian
modes and polygenic modes of inheritance. Thus, the results on heritability sum-
marize the total genetic effects. The recent data identified significant heritable
effects for colorectal, breast, and prostate cancer. Heritabilities for these cancers
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were estimated to be between 15 and 40%, challenging previous estimates of the
magnitude of genetic effects, based mainly on high-penetrance dominant condi-
tions. For all cancer the genetic effect was 26%. Moreover, we found evidence
for heritability of all main cancers, ranging from 1 to 50%. The frequencies of
mutations in the known high-risk susceptibility genes BRCA1 and BRCA2 in
breast cancer and DNA mismatch repair genes in HNPCC are so low that they
explain at most 10% of the genetic effects noted (Peto et al., 1999; Salovaara et
al., 2000). For prostate cancer, candidate genes have been mapped but not identi-
fied. These findings suggest that other genes are yet to be identified, but because
they are likely to be relatively common and of moderate risk only, the incrimina-
tion will be difficult.

We conclude that the overwhelming cause of cancer in these twin popula-
tions was nonshared environment, accounting for some 70% of all cancer. Ana-
lytical and molecular epidemiological studies provide tools to identify and quan-
tify risk factors contributing to environmental effects. Etiologic clues may even
be found in childhood environment or in long-lasting family habits, because the
shared environment appeared to contribute to some forms of cancer in which
common environmental risk factors have not been identified, including those of
the gallbladder and corpus uteri. The most challenging result, however, was the
large heritability of all cancer and of colorectal, breast, and prostate cancer in
particular. The twin method probably detected recessive and polygenic cancers
that are difficult to detect in other types of family studies. If these proportions
were reliable, they would reveal major gaps in our understanding of the molecu-
lar basis of heritable cancer.

Polygenic Cancer and Future Study Designs. The data presented on twins,
families, and second cancers provide additional support for the multistage theory
of carcinogenesis. However, overall, direct support for the theory is limited even
though a common belief is that it has been proven long since. If most cancers are
indeed polygenic, this should be adequately considered in study designs for gene-
mapping approaches. Linkage analysis in families of multiple affected individu-
als does not suit polygenic diseases well, but it is still the main approach in
attempts to identify cancer-related genes. Instead, large case-control studies on
well-defined patient series may be more powerful (Risch and Merikangas, 1996).
The studies can be carried out on patients without regard to family history be-
cause otherwise the selection causes bias toward monogenic or oligogenic domi-
nant cancers. Monozygotic twins and patients with multiple cancers would be
very suitable study population, but identification of such patients may be cum-
bersome.
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EPIDEMIOLOGY AND GENETIC SUSCEPTIBILITY
TO BREAST CANCER3

Brian E. Henderson, M.D. and Kenneth T. Norris, Jr.

In 2000, it is estimated that 184,200 women in the United States will be
diagnosed with breast cancer, reflecting the high incidence rates now experi-
enced by many racial–ethnic groups including African American, Japanese, and
white women. Much lower rates of breast cancer are found in multiethnic cohort
(MEC) Latina women, due especially to its extremely low incidence in first-
generation migrants. The increase in breast cancer rates for Asian women born
in the United States compared to traditional Asian women (Parkin et al., 1992;
Zeigler et al., 1993) is striking. While much of this increase may be explained by
their transition to a more Western lifestyle (e.g., decrease in age of menarche and
use of hormone replacement therapy), the fact that their cancer rate is as high as
other racial–ethnic groups despite their much lower postmenopausal weight
(Probst-Hensch et al., 2000) suggests that both genetic and environmental differ-
ences may be important.

We have had a long-standing interest in the role of sex steroids in the etiol-
ogy of breast cancer, especially related to estrogen and, more recently, progestin
stimulation of the breast. This interest has been driven by the premise that estro-
gen and progestin are the primary determinants of cell proliferation in breast
epithelium and that cell proliferation is a prerequisite for many of the genetic
changes necessary for a cell to transform to a malignant phenotype. The strong,
consistent association between a woman’s menstrual history and breast cancer
risk implicates lifetime exposure to sex steroid hormones as a major factor in the
causation of breast cancer. A recent meta-analysis of epidemiological studies
implicated estrogens more directly, by showing that circulating levels of the
biologically most potent estrogen, estradiol (E2), are significantly higher in breast
cancer patients compared to controls (Thomas et al., 1997). Moreover, we have
found that plasma estrogen levels differ by racial–ethnic group and that these
differences appear to contribute to racial–ethnic variation in breast cancer rates
(Probst-Hensch et al., 1999). We (and others) have recently found that exog-
enous exposure to these steroids, as combined estrogen and progestin replace-
ment therapy, also substantially increases the risk of breast cancer (Ross et al.,
2000). Androgens, as a precursor of estrogen biosynthesis or by direct action,
also may contribute to breast carcinogenesis (Dorgan et al., 1997; Hankinson et
al., 1998b).

Three biosynthesis genes (CYP17, CYP19, HSD17B1) form the foundation
of our current activities. These genes are important rate-limiting factors in estro-

3This work is support by NCI grant numbers CA63464 and CA54281.
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gen production. While our current focus is on estrogen biosynthesis, variants in
other candidate genes in estrogen and progesterone biosynthesis, transport, me-
tabolism, and binding are being explored jointly with our colleagues at the White-
head Institute–Massachusetts Institute of Technology (MIT).

The CYP17 C allele is associated with elevated endogenous estrogen levels
in both pre- and postmenopausal women, and based on data from the MEC we
found that women carrying the C allele were at an increased risk of advanced
breast cancer (Feigelson et al., 1997). Several polymorphisms have been identi-
fied in HSD17B1, including a common polymorphism in exon 6 that results in an
amino acid change from serine (allele S) to glycine (allele G) at position 312
(Normand et al., 1993; Mannermaa et al., 1994). Although current evidence
indicates that this amino acid change may not affect the catalytic or immuno-
logic properties of the enzyme (Puranen et al., 1994), an early report suggested
that individuals who are homozygous for A are at increased risk of breast cancer
(Mannermaa et al., 1994). Among MEC participants, in a preliminary analysis,
women homozygous for allele A have been found to be 38% more likely to
develop advanced-stage breast cancer than women homozygous for G.

CYP17 and HSD17B1. In a combined analysis of CYP17 and HSD17B1,
we found that carrying one or more “high-risk” allele(s) increases the risk of
advanced breast cancer in a dose–response fashion and that this relationship
could be explained by endogenous serum estrogen levels (Siegelmann-Danieli
and Buetow, 1999). The relative risk among women carrying four high-risk alle-
les for CYP17 and HSD17B1 (C/C/S/S) was 2.76 compared to those carrying no
high-risk alleles. Using an alternative model in which the risk of breast cancer
was estimated per unit change in serum estrogen as predicted by genotype (using
other data sources), we found an RR of 1.76 for the C/C/S/S genotype with
comparable adequacy of fit to our data. We plan to extend these studies in order
to evaluate this relationship within each racial–ethnic group and in relationship
to circulating levels of sex steroid hormones and binding proteins (E1[estrone],
E2, bioavailable E2, SHBG, estrone sulfate, androstenedione,
dehydroepiandrosterone [DHEA], DHEA sulfate, 5-androstene-, and
androstenediol) in prediagnostic bloods collected in both Los Angeles and Ha-
waii.

CYP19. The CYP19 gene codes for the aromatase enzyme. Aromatase cata-
lyzes the irreversible conversion of androstenedione to E1 and testosterone to E2.
Tissue-specific aromatase expression is determined in part by tissue-specific pro-
moters, which give rise to transcripts with unique 5’-noncoding termini that
correspond to untranslated sections of exon I. These specific 5’-termini sequences
are all spliced onto exon II at the common 3’-splice junction. The association of
obesity with postmenopausal blood estrogen levels as well as breast cancer risk
may at least in part be mediated by an increased aromatization of androstenedi-
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one in the adipose tissue of obese women (Huang et al., 1997; Siegelmann-
Danieli and Buetow, 1999). Several polymorphisms have been described in the
CYP19 gene (Sourdaine et al., 1994; Probst-Hensch et al., 1999; Healy et al.,
2000). The functional relevance is unknown for all of the polymorphisms identi-
fied so far. The only polymorphism in the coding region of CYP19 leading to a
nonconservative amino acid substitution (exon VII, Arg264Cys) has no apparent
effect on aromatase activity or response to aromatase inhibitors (Watanabe et al.,
1997; Kristensen et al., 1998), nor has it been associated with breast cancer risk
(Kristensen et al., 1998; Probst-Hensch et al., 1999). However, a possible role of
a tetranucleotide repeat polymorphism of unknown functional relevance in breast
cancer has been suggested by several studies (Rasmussen and Cullen, 1998;
Haiman et al., 1999; Siegelmann-Danieli and Buetow, 1999), but we and others
could not confirm this (Sourdaine et al., 1994; Probst-Hensch et al., 1999). The
search for functionally relevant polymorphisms in CYP19 is currently focused
on the regulatory regions of the gene, and we are studying these regions through
collaborations with Dr. Nicole Probst at the University of Basel and Dr. Sue
Ingles at the University of Southern California.

GH–IGF Pathway. Insulin-like growth factors (e.g., IGF-1) also cause epi-
thelial breast cells to divide, and it is hypothesized that the mitogenic effect of
estrogen may be mediated through an IGF-1 signaling pathway (Holly, 1998).
Members of the growth hormone–IGF axis (GH–IGF) may exert a direct effect
on breast cancer risk or potentiate the effects of estrogens on breast epithelium
(Oh, 1998). IGFs have been recognized as major regulators of mammary epithe-
lium and breast cancer cell growth (Clarke et al., 1997) and act as mitogens, as
well as potent survival factors. In experimental studies, E2 has been found to
stimulate breast epithelial cell proliferation in normal human breast tissue xeno-
grafted into athymic mice via a paracrine mechanism involving IGFs (Hankinson
et al., 1998a). Epidemiologic studies support a strong positive association be-
tween IGF-1, IGF-binding protein-3 (IGFBP-3), and breast cancer risk (Bohlke
et al., 1998; Byrne et al., 2000), with increased mammographic density being an
important breast cancer risk factor (Rosen et al., 1998). Initial findings have
been limited to premenopausal breast cancer. Among postmenopausal control
women in the MEC, we found an association between circulating levels of IGF-
1 and breast cancer incidence by racial–ethnic group. In the MEC, we will ex-
plore the relationship between breast cancer risk, plasma IGF (free IGF-1, IGF-
1, IGF-2, IGFBP-3) levels in prediagnostic bloods, and genetic variants in the
GH–IGF axis. A microsatellite repeat (CA) in the IGF-1 gene approximately 1
kilobase (kb) upstream from the transcription start site has been associated with
lower mean levels of plasma IGF-1 (Rosen et al., 1998), and we are currently
exploring the association between plasma IGF-1, the microsatellite repeat, and
breast cancer risk among women in the MEC. We also will genotype these same
women for a G to C transversion (exon I, position 2132) in the IGFBP-3 gene, of
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yet unknown functional relevance, that may serve as a marker for IGFBP-3
plasma levels. Moreover, we will expand our investigation of candidate genes in
the GH–IGF pathway through our collaboration with the Whitehead Institute–
MIT.

While we have focused our major research effort on estrogen biosynthesis,
genetic variation, and breast cancer risk, we have concomitantly evaluated
germline missense variants in genes involved in breast cancer progression. We
have confirmed a previous observation that a missense variant (Ile 655 Val) in
Her-2/neu is associated with breast cancer risk and that this variant affects stages
at diagnosis (McKean-Cowdin et al., in progress). We are pursuing similar mis-
sense variants in BRCA1, BRCA2, and AT.

MIGRANT FARMWORKER CHILDREN AT HIGH RISK
FOR PESTICIDE EXPOSURE

María A. Hernández-Valero, Dr.P.H.

There are approximately 3–6 million migrant and/or seasonal farmworkers
(MSFs) in the United States, appoximately 85–90% are from ethnic and racial
minorities (e.g., Hispanics, African Americans). Hispanics of Mexican descent
constitute the majority (approximately 92%) of the MSF population, with chil-
dren and adolescents comprising 20–25% of the total number.

The majority of the agricultural studies have been conducted among farm
owners and operators, while cancer research among MSF is almost nonexistent.
The lack of research is often attributed to the perceived difficulty in conducting
epidemiological studies among this underrepresented population. This is true
even though MSFs are chronically exposed to pesticides and other agricultural
exposures, sometimes starting at a very young age when susceptibility may be of
great importance.

MSF children are chronically exposed to pesticides via their parents’ occu-
pation, including application drift; overspray; carry-home exposures from par-
ents; exposure in utero; breast-feeding; going to or working in the fields with
their parents; and the foods they eat.

A pilot feasibility study was conducted to measure 21 organochlorine pesti-
cides (OCPs) and correlate the measured levels with reported exposures in 62
Mexican American MSFs (36 children and 26 adults) home-based in the Hous-
ton metropolitan area. The pilot sutdy objectives were to (1) provide quantitative
measures of OCP levels in the serum of MSF adults and children; (2) obtain
epidemiological data on work histories, field exposures, pregnancy, lactation,
medical histories, and other factors from the standardized bilingual Migrant
Farmworker Questionnaire developed by the National Cancer Institute; and (3)
correlate the epidemiological data with the measured OCP levels. The referent
laboratory’s detection limit for OCPs was 0.3 ng/ml (parts per billion [ppb]).
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The study population was composed of 42% males and 78% females. The
majority of the children or adolescents in the study were born in the United
States (89%), with an average age of 12.4 ± 7.5. The opposite was observed
among the adults who for the most part were born in Mexico (73%), with an
average age of 45.4 ± 12.1. Two OCPs and/or metabolites (DDE and mirex)
were detected in most of the samples tested. Five other OCPs were also detected
in adults only (DDT, b-HBC, d-HBC, g-chlordane and oxychlordane). The aver-
age DDE serum level for the children was low (1.6 ± 1.6 ppb); the adults’ level
was higher than expected (15.4 ± 17.2 ppb), almost five times higher than the
referent laboratory population’s average (3.2 ± 1.8). The average mirex levels
among both adults and children were almost identical (adults 1.8 ± 0.6, children
1.7 ± 0.7) and were also higher than expected, approximately eight times higher
than the mean levels measured in the referent population (<0.3, nondetectable).

In conclusion, traces of OCPs that had been banned in the United States for
many decades are still measured in the serum of MSFs. OCPs, although decreas-
ing in use, may still pose a threat to MSF children through their continued use
and their persistence in the environment and body tissues. Since MSF children
are potentially exposed to pesticides, both occupationally and environmentally
through several pathways, there is a need to monitor this high-risk population. It
may be necessary to legislate stricter public health measures aimed at reducing
pesticide exposure among MSF children, and restricting these children from
working or entering the fields with their parents. In regards to future research,
(1) MSF children need to be included in prospective cohort studies to prove
scientifically whether or not chronic exposure to pesticides from childhood into
adulthood places humans at risk of developing deleterious health outcomes, in-
cluding cancer during childhood and later in life, (2) the measurement of OCP
levels should be included in ongoing and future studies; and also (3) the dietary
intake of MSF children should be studied to evaluate the possible synergistic
action of diet and pesticide exposure.

CHEMICALS AND CHROMOSOMES, CHILDREN AND CANCER,
CLUSTERS AND COHORTS IN A NEW CENTURY

Richard Jackson, M.D., M.P.H.

Eighty-six percent of the U.S. population says that environmental factors are
either important or very important in causing disease. Thus, it shouldn’t be sur-
prising to researchers and policymakers that a cancer cluster is assumed (by the
general public) to be environmental until proven otherwise. Cancer clusters can
be the bane of existence for many state and local health officers and have been
called the epidemiologists fool’s gold—the idea being that you shouldn’t spend
your time chasing them because they never pan out. However, if one uses good
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communication skills, science, medicine, and policy, there are tremendous op-
portunities to meet public health needs and achieve good outcomes.

I studied many disease clusters during my time in the Public Health Depart-
ment in California, a state that uses many types of pesticides. In fact, California
uses about a quarter of the nation’s pesticides, and at least 5% of all the pesti-
cides in the world. The uses of these pesticides become important as we discuss
water pollution, air pollution, agriculture, economics, and workers’ health. We
as researchers and government officials have had and continue to have many
problems that hamper our ability to handle clusters effectively, including: lack of
obligatory reporting of pesticides, unless they are Category One—extremely
toxic; data gaps on particular chemicals—chemicals that were thought to be safe
but turned out to have health effects; and lack of disease registries to ascertain
the baseline levels of a disease in a given region. Without this information, it is
hard to be able to answer fundamental questions. Clusters also require a commu-
nity relations specialists who not only speaks their language, but is able to under-
stand their issues.

In the future, approaching disease clusters will require collection of disease
rates in registries because if we don’t know the baseline level of any disease, it is
impossible to know if the reported cluster is a statistical aberration or not. We
also need better tracking of exposures, because the more accurately you docu-
ment people’s precise level of exposures, the more accurately you can calibrate
risks. The Centers for Disease Control and Prevention (CDC) has just started to
release a report on a series of chemicals in the American people. We will con-
tinue adding 25 chemicals each year until we have a total of 100 in four years.
We are moving beyond the traditional two-by-two table investigations where we
look at exposed, unexposed, disease, no disease. The era of looking at exposures
and not looking at the genetic makeup of the individual in our epidemic studies
is over. Trying to tease out nature versus nurture is a recipe for disaster. We need
to be able to look at both of these at the same time.

HEALTH DISPARITIES: DO GENE–ENVIRONMENT
INTERACTIONS PLAY A ROLE?

Lovell Jones, Ph.D.

When we discuss health disparities, I often remember the saying “if you
always do what you have always done, we will always get what we already got.”
When we approach the efforts to address the lack of measurable progress in
tackling health disparities, we tend to fall back on what we did before. It may be
under a different name or it may be packaged in a different box, but ultimately it
is the same strategy.

In a recent study, people questioned whether health disparities are “real.”
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Consider the fact that breast cancer in Hispanic females has tripled over the last
15 years. African American females under the age of 35 have a 50% higher
incidence of breast cancer than white females. These are just two examples. We
need to understand that these are not access issues—access to health care does
not play a role in incidence. It is not an issue of poverty because it crosses all
socioeconomic sectors. These disparities are growing and are becoming a major
problem in this nation. If these trends and incidences were reported for white
females, every alarm in this nation would be going off.

• What about other ethnic groups and other forms of cancer? Here are a
few examples:

• Vietnamese women have cervical cancers at nearly five times the rate of
white females.

• African American men under age 65 have nearly twice the rate of pros-
tate cancer of white males.

• Hispanics, Native Americans, and Alaskan Natives are nearly twice as
likely as Caucasians to have diabetes.

• In Pacific Islanders, certain cancers are 60 times more prevalent than in
Caucasians.

As we begin to address these disparities in terms of genetics and gene–
environment interactions, we will have to answer what role race and ethnicity
will play. We need to understand that racial classifications are a social construct
and not a biological construct. Yet racial classification still has an impact on the
health of this nation. In the United States, we use the one-drop rule. If you have
one drop of blood or if someone could trace one drop of African American
bloods, you are African American—no matter your phenotype. Just as not all
African Americans, Hispanics, and Asians may be similar culturally (within their
ethnic groups), they may not have the same phenotypes. Most importantly, as we
continue our research into gene–environment interactions, we need to remember
that one size does not fit all.

DIET AND OTHER ENVIRONMENTAL FACTORS
AS MODIFIERS OF CANCER RISK

John A. Milner, Ph.D.

The last decade has witnessed important advances in the understanding of
factors that influence cancer risk. Several environmental factors continue to sur-
face as potentially instrumental in explaining the wide global variation in the
incidence and biological behavior of tumors. Undeniably, exposure to environ-
mental agents and/or ultraviolet radiation may contribute to oxidative stress or
other biochemical events that foster uncontrolled cell proliferation. Clearly, diet
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is a significant environmental factor to which an individual is continually ex-
posed. Although an individual’s diet may serve as a protector against the poten-
tially lethal effects of reactive oxygen species and toxic environmental chemi-
cals, under some circumstances it may also be a significant source of deleterious
compounds. Thus, an individual’s diet may increase or decrease cancer risk de-
pending on its composition.

A variety of linkages between diet habits and cancer risk have surfaced in
both epidemiological and preclinical studies. Some of the most compelling evi-
dence linking diet and cancer comes from the epidemiological observation that
increased vegetable and fruit consumption is associated with a reduction in the
risk for cancers of the mouth and pharynx, esophagus, lung, stomach, colon, and
rectum. Likewise considerable preclinical evidence points to a host of essential
and nonessential nutrients as modifiers of cancer risk at a variety of sites. Part of
this variation in cancer risk may arise from variation in the intake of one or more
essential nutrients supplied by either plant or animal food sources. Vegetables
derived from various parts of plants including roots (e.g., carrots, parsnips),
leaves (e.g., spinach, lettuce), flowers (e.g., artichoke, broccoli), stalks (e.g.,
celery, rhubarb), and seeds (e.g., corn, peas), as well as a host of fruits, provide
thousands of chemically diverse phytonutrients that may contribute to these ob-
servations. Some of these phytonutrients, including flavonoids, carotenoids,
organosulfides, and isothiocyanates, have been the focus of recent research to
determine both their effects on risk and their mechanism(s) of action.

While the risk of developing several cancers has been linked with dietary
patterns, frequent inconsistencies are noted. These inconsistencies may reflect
the multifactorial and complex nature of cancer, the specificity that individual
dietary constituents have in modifying specific genetic pathways, and the tempo-
ral relationship between dietary intervention and phenotypic changes in tumor
incidence or behavior. Again, the complexity of defining the precise role of diet
is magnified by the numerous and diverse essential (i.e., folate, selenium, vita-
min E, n-3 fatty acids, and calcium) and nonessential (i.e., oligofructose, allyl
sulfurs, carotenoids, flavonoids, and isothiocyanates) components that may alter
one or more phases of the cancer process and the temporal and compensatory
responses to these dietary constituents. Because of the chemical and biological
diversity of dietary components and the range of molecular targets, the elucida-
tion of the importance of diet is proving to be not only an exciting undertaking,
but also an immense challenge.

The past decade has witnessed great strides in understanding the biological
basis of cancer. Discoveries that both essential and nonessential dietary nutrients
can markedly influence several key biological events including cell cycle regula-
tion, processes involved with replication/or transcription, immunocompetence,
and factors involved with apoptosis have strengthened convictions that specific
foods and/or components may markedly influence cancer risk. Unraveling which
dietary component is most important in establishing cancer risk is a daunting
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task but should be easier with new gene and protein technologies. For instance,
limonene (a monoterpene found particularly in citrus fruits) addition to tumor
cells has been reported to enhance 42 genes and suppress another 58 genes.
Since several of the identified genes are involved in the mitoinhibitory trans-
forming growth factor (TGF) signal transduction pathway, this provides support
for the hypothesis that monoterpenes may initiate mitoinhibitory and apoptotic
signaling through a signal transduction-related mechanism. Similarly, studies
have been undertaken with a variety of other nutrients including selenium,
isothiocyanates and allyl sulfide. Dietary isothiocyanates; have been reported to
modify at least 20 different gene products associated with cancer prevention.
Knockout and transgenic animals are beginning to provide clues to the specific
site of action of specific dietary components and should be used more exten-
sively as tools for probing mechanisms of action. It should be noted that dietary
allyl sulfur compounds can lead to a number of changes that may influence
overall cancer risk including blocking nitrosamine formation, retarding carcino-
gen bioactivation, blocking cell division, promoting apoptosis, and retarding an-
giogenesis. Recent studies from our laboratory found that diallyl disulfide com-
pounds lead to marked changes in more than 20 genes associated with the cancer
process. Collectively these studies reveal that individual dietary components are
capable of bringing about a host of intracellular changes that may influence
cancer risk. The utilization of genomic technologies to evaluate the effects of
nutrients offers hope in determining which cellular change is most important in
bringing about a change in the incidence or behavior of a tumor. It should be
noted that preclinical evidence suggests that diverse dietary constituents includ-
ing selenium, allyl sulfur, genistein, and resveratrol can influence the same ge-
netic pathways. Such common effects raise concerns about potential interactive
and cumulative effects among nutrients. Thus, a reductionist approach to under-
standing the role of diet in cancer prevention may produce oversimplifications
and confusion.

Preclinical evidence exists that such diverse dietary components as folate,
allyl sulfur, genistein, and resveratrol can alter genes and pathways associated
with tumor cell proliferation and apoptosis. Part of this protection may relate to
their ability to prevent oxidative damage. Compounds suppressing oxidative
stress have been reported to produce changes in c-fos, c-jun, and c-myc and the
tumor suppressor gene p53, as well as genes coding for the syntheses of protec-
tive molecules such as metallothioneins, glutathione, and stress proteins. Aston-
ishing strides have been made in understanding how molecules and genetic path-
ways differ in precancerous and malignant cells and from their normal
counterparts. Capitalizing on the differences in cellular signatures that are char-
acterized by active and inactive genes and cellular products should assist in
determining who should and should not benefit from intervention strategies.
Clearly such information will help clarify the reason for discrepancies among
preclinical, epidemiological, and intervention studies.
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At least part of this variation in response to dietary components may relate
to the consumer’s genetic profile. It is now becoming apparent that the preva-
lence of polymorphisms is variable among studied populations and these differ-
ences could influence the response to diet. For example, in a random sample of
participants in the Alpha-Tocopherol, Beta-Carotene Cancer Prevention Study
(ATBC Study), there was a low prevalence of polymorphisms in genes coding
for activation (phase I) enzymes CYP1A1 (0.07) and CYP2E1 (0.02) and a high
prevalence in genes coding for detoxification (phase II) enzymes GSTM1 (0.40)
and NQO1 (0.20). Evidence exists that several genetic polymorphisms may
modulate cancer risk through their influence on folate metabolism, including
two polymorphisms of the MTHFR gene C677 C–T (alanine –valine) and 1298
A–C (glutamate–alanine) and a polymorphism of MTR, the gene that codes for
methionine synthase C2756 A–G (aspartate–glycine); all of these polymorphisms
reduce enzyme activity. Epidemiologic studies have reported that when folate
intake was adequate, colorectal cancer risk was reduced (abou 50%) in individu-
als with the MTHFR 677TT genotype compared with the MTHFR 677CC geno-
type, and the risk of adult acute lymphocytic leukemia (ALL) was reduced by
77%. Variation in the response to folate metabolism is not unique since other
studies suggest that variation in receptors for vitamin D may also be linked to
cancer risk. Considerably more information is needed about how genetic poly-
morphisms influence the response to dietary components and ultimately cancer
risk.

Unquestionably cancer is intertwined with environmental factors including
diet. Strategies to prevent cancer through modification of either diet or specific
dietary patterns, although intriguing and likely a low-cost health care strategy,
will probably not be uniformly effective for all individuals. A better understand-
ing of gene–nutrient interactions will be needed to unravel who might benefit
most from dietary intervention and who might be placed at risk. Future research
in nutrition and cancer prevention must give top priority to studies that seek to
understand the basic molecular and genetic mechanisms by which nutrients in-
fluence the various steps in carcinogenesis. While the challenges to researchers
will be enormous, the potential rewards in terms of reducing cancer morbidity
and mortality will be of an equally great magnitude.

MOLECULAR PATHOGENESIS OF LUNG CANCER

John D. Minna, M.D.

We and others have hypothesized that clinically evident lung cancers have
accumulated 10–20 different genetic abnormalities in dominant oncogenes and/
or tumor suppressor genes (TSGs) (Sekido et al., 1998; Fong et al., 1999). If
true, this hypothesis has important ramifications for the clinic. For example, it
should be possible to discover carcinogen-exposed respiratory epithelial cells
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with only a subset of these changes and intervene with very early treatment and/
or chemoprevention. A related hypothesis is that these changes are recurrent and
common between different tumors. If true, this has implications for directing the
search for specific diagnostic and therapeutic targets and indicating the likeli-
hood that all of the changes are required for the malignant phenotype. There
have been many studies published on searching for genetic abnormalities in lung
cancer (Sekido et al., 1998; Fong et al., 1999). However, with few exceptions,
these studies have not been global in nature either in testing for genome-wide
abnormalities or in testing for multiple abnormalities in the same individual lung
cancer. To approach these two hypothesis in a global and quantitative fashion,
we have performed a high resolution (10 cM) genome-wide search for loss of
heterozygosity (LOH, allele loss) in 36 lung cancer cell lines using 399 polymor-
phic markers. Individual tumors averaged 17–22 chromosomal regions involved
in frequent, recurrent allele loss (“hot spots”), and these regions were signifi-
cantly different between small cell lung cancer (SCLC) and non-small cell lung
cancer (NSCLC) (Girard et al., 2000). On average, 35% of the markers showed
allele loss in individual tumors, with an average size of subchromosomal regions
of loss of 50–60 cM. We found 22 different regions with more than 60% LOH,
13 with a preference for SCLC, 7 for NSCLC, and 2 affecting both histologic
types. This provides clear evidence on a genome-wide scale that SCLC and
NSCLC differ significantly in the TSGs that are inactivated during their patho-
genesis. However, in all other aspects (e.g. fractional allele loss, number of
breakpoints, number of microsatellite alterations) SCLC and NSCLC were not
significantly different. The chromosomal arms with the most frequent LOH were
1p, 3p, 4p,4q, 5q, 8p, 9p (p16), 9q, 10p, 10q, 13q (Rb), 15q, 17p (p53), 18q, 19p,
Xp, and Xq.

We next conducted detailed high-density allelotyping (~5-cm level) on chro-
mosome arms 3p, 4p, 4q, and 8p (average of 25 markers per chromosome arm)
in 66 microdissected primary archival lung cancers (22 SCLC, 21 squamous, 22
adenocarcinomas), as well as microdissected respiratory preneoplastic lesions
from patients with lung cancers and from cigarette smokers (Shivapurkar et al.,
1999; Wistuba et al., 1999b, 2000a). Allelic losses of 3p were found in 96% of
lung cancers and in 78% of the preneoplastic/or preinvasive lesions. The 3p
allele losses were often multiple and discontinuous, with areas of LOH inter-
spersed with areas of retention of heterozygosity. There was progressive in-
crease in the frequency and size of 3p allele loss regions with increasing severity
of histopathological preneoplastic/preinvasive changes. Analysis of all of the
data indicated multiple regions of localized 3p allele loss. A panel of six markers
in the 600-kb 3p21.3 homozygous deletion region showed loss in 77% of lung
cancers (100% SCLC, 100% squamous, 90% adenocarcinomas), 70% of normal
or preneoplastic/preinvasive lesions associated with lung cancer, and 49% of 47
normal, mildly abnormal, or preneoplastic/preinvasive lesions found in smokers
without lung cancer (Wistuba et al., 2000a). This was in contrast to 0% loss in 18
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epithelial samples from seven never smokers. We have identified all of the genes
in this completely sequenced region, and several of them appear to suppress the
tumorigenic phenotype when introduced back into lung cancers with multiple
other genetic lesions (Lerman and Minna, 2000). Of these, the best studied is the
RASSF1A mRNA isoform of the RASSF1 locus (Dammann et al., 2000; Burbee
et al., 2001). This gene is rarely mutated in lung cancer, but its expression is lost
by promoter-acquired hypermethylation in ~90% of SCLCs and 30–40% of
NSCLCs. Methylation in NSCLCs is associated with adverse survival and treat-
ment of lung cancer cells with 5-azacytidine reactivates RASSF1A expression.
This isoform contains a RAS binding domain and a putative diacylglycerol bind-
ing domain and suppresses the tumorigenic phenotype of lung cancer cells
(Dammann et al., 2000; Burbee et al., 2001). This 600-kb region and the 3p14.2
(FHIT/FRA3B) and 3p12 (U2020/DUTT1) regions were common, independent
sites of breakpoints (Wistuba et al, 2000a). We conclude that 3p allele loss is
nearly universal in lung cancer pathogenesis; involves multiple, discrete, 3p LOH
sites that often show a “discontinuous LOH” pattern in individual tumors; occurs
in preneoplastic/preinvasive lesions of smokers with and without lung cancer;
and frequently involves breakpoints in at least three very small, defined genomic
regions. These findings are consistent with previously reported LOH studies in a
variety of tumors showing allele loss occurring by mitotic recombination and
induced by oxidative damage. Similarly, high frequencies of LOH (86% SCLC,
100% squamous, 81% adenocarcinomas) for the 8p21–23 regions were detected
in primary lung cancers (Wistuba et al., 1999b). The LOH commenced early
during the multistage development of lung cancer at the hyperplasia/metaplasia
stage in cancer patients and in smokers without cancer. Of interest, 8p21–23
allelic losses always followed 3p and usually followed 9p allele loss. In contrast
to 3p LOH, no 8p LOH was found in histologically normal epithelium; however,
15% of mildly abnormal, 50% of dysplastic, and 92% of carcinoma in situ le-
sions had 8p21–23 LOH. Allelic loss occurred in 65% of smokers without can-
cer and persisted for up to 48 years after smoking cessation. Frequent LOH of 4p
and 4q markers was seen in SCLC and mesotheliomas (Region 1 4q33–34 >80%,
Region 2 4q25–26 >60%, and Region 3 4p15.1–15.3 >50%) but was much less
frequent (20–30%) in NSCLC where the most frequent pattern was loss of Re-
gion 3 alone (Shivapurkar et al., 1999). For 3p, the regions of loss in SCLC and
squamous cancers were usually quite large, often involving multiple markers,
whereas those in adenocarcinomas were much smaller and usually involved only
one or two markers. SCLC had significantly higher frequency of 4p and 4q allele
loss (two separate regions on each arm) than did NSCLC (Shivapurkar et al.,
1999). The converse was seen with the 8p allelotype (Wistuba et al., 1999b).

Tumor-acquired promoter methylation is a new, important mutational
mechanism for inactivating TSGs. We found tumor-acquired aberrant promoter
methylation in nine genes in 107 resected primary NSCLCs (RAR beta 40%,
TIMP-3 26%, p16ink4a 25%, MGMT 21%, FHIT 37%, DAPK 19%, ECAD 18%,

Copyright © National Academy of Sciences. All rights reserved.

Cancer and the Environment: Gene-Environment Interactions
http://www.nap.edu/catalog/10464.html

http://www.nap.edu/catalog/10464.html


100 CANCER AND THE ENVIRONMENT

p14ARF 8%, and GSTP1 7%) (Park et al., 1999; Virmani et al., 2000; Zochbauer-
Muller, et al., 2001a, 2001b). At least one gene was methylated in 86% of
NSCLCs, whereas normal lung from these same patients was methylated in only
a few patients. In addition, we found 63/87 (72%) of SCLCs to exhibit RAR
promoter hypermethylation. The methylation events occurred independently of
one another. However, about 13% of the NSCLCs exhibited more frequent pro-
moter hypermethylation and thus are candidates for having a “global CpG island
methylator phenotype.”

In nonmalignant bronchial epithelium 218 foci (195 of histologically normal
or slightly abnormal epithelium and 23 of dysplastic epithelium) were studied
from 19 surgically resected lobectomy specimens (Park et al., 1999). Thirteen
(68%) of the nineteen specimens had at least one focus of bronchial epithelium
with molecular changes. At least one molecular abnormality was detected in
32% of the 195 histologically normal or slightly abnormal foci and in 52% of the
23 dysplastic foci. Extrapolating from a two-dimensional analysis, we estimate
that most clonal patches contain approximately 90,000 cells. Although, in a given
individual, tumors appeared homogeneous with respect to molecular changes,
the clonally altered patches of mildly abnormal epithelium were heterogeneous.
Our findings indicate that multiple small clonal or subclonal patches containing
molecular abnormalities are present in normal or slightly abnormal bronchial
epithelium of patients with lung cancer. In detailed studies of bronchial epithe-
lium and bronchial biopsies from current or former smokers without lung cancer,
we also find thousands of clonal patches showing allele loss in histologically
normal-appearing respiratory epithelium. In fact, these patches can be detected
more than 30 years after cessation of cigarette smoking. This would suggest the
potential for damaged stem cells to repopulate.

We also investigated the relationship between the amount of smoking and
the degree of methylation of the p16, RASSF1A, RAR, APC, and HCAD(CDH13)
genes in more than 200 resected NSCLCs from Japan with known smoking
history. We found that p16 and RASSF1A developed promoter hypermethylation
related to the amount of cigarette smoking, while RAR, APC, and HCAD(CDH13)
methylation occurred independently of the amount of cigarette smoking
(Zöchbauer-Müller et al., in preparation).

To investigate whether methylation of genes such as RAR, HCAD(CDH13),
p16, RASSF1A, and FHIT occurs in smoking-damaged epithelium before lung
cancer develops, we analyzed oropharyngeal brushes, sputum samples, bronchial
brushes, and bronchoalveolar lavage (BAL) samples from more than 100 heavy
smokers without evidence of cancer (Zochbauer-Muller et al., 2001a). Methyla-
tion of at least one gene was present in one or more specimens from nearly 50%
of the smokers. However, the frequency of methylation of these genes found in
the epithelial samples from heavy smokers was lower than the frequency found
in primary lung cancers. These findings indicate that promoter-acquired methy-
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lation should be tested as an intermediate marker of risk assessment and re-
sponse to chemoprevention.

Small cell lung cancer has many distinct morphologic and biochemical fea-
tures (such as neuroendocrine phenotype) distinguishing it from the non-small
cell lung cancer histologic types (Sekido et al., 1998, 2001; Fong et al., 1999).
These distinctions are of diagnostic importance and commit patients with differ-
ent histologic types to quite different initial treatment regimens. With the excep-
tion of bronchoalveolar lung cancer, all histologic types have smoking and to-
bacco carcinogens as the major underlying etiologic factor. Clearly, SCLC
etiology is strongly tied to cigarette smoking. Therefore, we have sought to
answer the following major questions: Are there differences in the number or
type of acquired molecular abnormalities between SCLC and NSLC; what are
the specific genes involved; and what is the nature of the molecular changes that
are found in smoking-damaged bronchial epithelium accompanying SCLC and
NSLC? Finally, are there gene expression profiles that distinguish these two
major histologic types?

There is a wealth of information concerning molecular abnormalities in
SCLC (Fong et al., 1999; Sekido et al., 2001). Ras mutations represent an obvi-
ous difference, they are found in ~30% of NSCLCs (predominantly adenocarci-
nomas) but, to our knowledge, have never been found in SCLCs (with more than
100 tumors analyzed). In fact, introducing a mutant ras allele into SCLCs in
vitro has led to an alteration of the cellular phenotype to one more like NSCLC.
A related component in the same signal transduction pathway is Her2/neu, which
is overexpressed in ~30% of NSCLCs but rarely overexpressed in SCLCs. We
have recently found a related signal pathway activation difference for the ERK/
MAP kinase pathway. While ERK1 and ERK2 proteins are expressed in all
histologic types of lung cancer, we find constitutive activation (detection of the
“active” phosphorylated forms of ERK1 and ERK2 using specific antibodies) in
80% of NSCLCs but <5% of SCLCs. Autocrine growth factors involving neu-
roendocrine regulatory peptides (e.g., bombesin–gastrin-releasing peptide) were
first described for SCLC. However, recently it has become clear that both SCLC
and NSCLC can express these peptides and their specific receptors (Sekido et
al., 1998, 2001; Fong et al., 1999). While there are some differences related to
histology (e.g., expression of neuromedin B in NSCLCs), it appears that both
histologic types use this mechanisms. Myc oncogenes are overexpressed fre-
quently in both SCLC and NSCLC. C-myc is overexpressed in both SCLC and
NSCLC, but the overexpression of myc family members L-myc and N-myc is
usually only found in SCLC.

The p53 gene is frequently mutated in both SCLC and NSCLC, but this
occurs in >90% of SCLCs and ~50% of NSCLCs. The other components of the
p53 pathway (such as MDM2 and p14ARF) need to be studied. In comparing the
type of mutations occurring in p53, there appear to be no differences (e.g., in
nucleotide-type change or location in the p53 open reading frame) between SCLC
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and NSCLC, providing evidence that the carcinogenic insult was similar. An-
other major difference is seen in the RB/p16 signaling pathway. This pathway is
inactivated in the vast majority of all histologic types of lung cancer. However,
the target mutated various dramatically between histologic types. In SCLC, Rb is
inactivated in >90% of cases, with loss of protein expression usually occurring
with truncating mutations. It is very rare for SCLCs to have mutations inactivat-
ing the expression of p16. In contrast, NSCLCs inactivate p16 expression in
~50% of cases, while loss of expression of Rb protein occurs in <20% (Sekido et
al., 1998). There appear to be no differences in mutational frequencies for inacti-
vation of FHIT occurring in 50–70% of all lung cancers (Fong et al., 1999;
Sekido et al., 2001).

Finally, we have looked at the bronchial epithelium accompanying SCLC
and NSCLC for the occurrence of clonal alterations using precise laser capture
microdissection with subsequent allelotyping for polymorphic markers (Wistuba
et al., 2000b). In NSCLC, we frequently find clones of cells with molecular
abnormalities in histologically affected epithelium (e.g., carcinoma in situ, dys-
plasia, hyperplasia) and occasionally in normal-appearing epithelium in the case
of current or former smokers. In SCLC, these histologic preneoplastic changes
were minimal. However, in studies of histologically normal respiratory epithe-
lium, we found a severalfold increased rate of allele loss in SCLC compared to
NSCLC patients. Thus, the smoking-damaged histologically normal epithelium
associated with SCLC appeared “genetically scrambled” and had incurred sig-
nificantly more damage than the epithelium accompanying NSCLCs. We con-
clude that SCLCs and NSCLCs do not differ significantly in the number of
genetic alterations that occur, however SCLCs do differ significantly from
NSCLCs in the specific genetic alterations that occur. In addition, smoking-
damaged bronchial epithelium accompanying SCLCs appears to have undergone
significantly more acquired genetic damage than that accompanying NSCLCs.
Future studies need to identify the specific genes involved at these multiple sites
and determine whether these provide new tools for early molecular detection, for
monitoring of chemoprevention efforts, and as specific targets for developing
new therapies.

We conclude from our global and quantitative studies that clinically evident
lung cancers have acquired 20 or more clonal genetic alterations; SCLC and
NSCLC have acquired different genetic lesions; alterations in 3p TSGs appear
especially early, followed by changes in 9p, 8p, and then multiple other sites;
tumor-acquired promoter hypermethylation is a frequent mutational mechanism
in lung cancer; changes consistent with oxidative damage leading to mitotic
recombination are frequently seen; smoking-damaged histologically normal epi-
thelium, as well as epithelium with preneoplastic/preinvasive changes, has thou-
sands of clonal patches containing genetic alterations; and correcting even single
genetic abnormalities can reverse the malignant phenotype. All of these observa-
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tions are ready for translation into the clinic for new methods of diagnosis, risk
assessment, prevention, and treatment.

BREAST CANCER GENETICS: BRCA1 AND BRCA2 GENES

Olufunmilayo Olopade, M.D.

Breast cancer is a genetic disease, caused by spontaneous mutations in so-
matic cells or by germline inheritance of mutations in breast cancer susceptibil-
ity genes. Germline mutations in the BRCA1 or BRCA2 susceptibility genes
result in breast cancers characterized by young age of onset, bilaterality, associa-
tion with ovarian cancer and other tumor types, vertical transmission, and dis-
tinct tumor phenotypes. Because breast cancer develops in 37–85% of women
that carry BRCA1 or BRCA2 mutations, genetic testing of individuals with a high
risk of familial breast cancer is an important part of a cancer control effort.
Somatic genomic rearrangements that cause breast cancer include amplification
of the HER-2/neu gene, which is associated with a poor prognosis, relative resis-
tance to chemotherapy and tamoxifen, and sensitivity to Herceptin. Detection of
HER-2/neu amplification in tumors is therefore an important factor in prognosis
and choice of therapies. These examples reveal the clinical value of addressing
the genetic basis of cancer and illustrate the importance of understanding genetic
mechanisms in developing methods of cancer prevention, early detection, and
targeted therapies.

TYPES AND TRENDS OF CHILDHOOD CANCER; CANCER IN
CHILDHOOD CANCER SURVIVORS

Leslie Robison, Ph.D.

In the United States, cancer is the leading cause of death due to disease
among individuals between the ages of 1 and 20. The annual incidence rate is 15/
100,000, which translates into a cumulative risk of cancer equivalent to 1 in 300
by the age of 20 years. The types of malignancies in children and adolescents
differ from adults and include (annual rate per million and proportion): leukemia
(37, 24.8%); lymphoma (24, 16.1%); brain and central nervous system (CNS)
(25, 16.8%); neuroblastomoa (7, 4.7%); retinoblastoma (3, 2.0%); kidney, pre-
dominantly Wilms’ tumor (6, 4.0%); liver, predominaently hepatoblastoma (2,
1.3%); bone, primarily osteoscarcoma; and Ewing’s sarcoma (9, 6.0%); soft tis-
sue, predominaently rhabdomyosarcoma (11, 7.4%); germ cell (10, 6.7%); and
others (15, 10.0%).

There are distinct age-specific patterns of incidence; most notable are the
peaks in incidence of acute lymphoblastic leukemia that occur between the age
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of 3 and 6 years; the aggregation of neuroblastoma, retinoblastoma, and Wilms’
tumor in children below the age of 5; the increasing incidence with age of lym-
phoma; and the relatively constant incidence of brain and CNS malignancies.
Overall, males have a higher rate of malignancies than females, which is attribut-
able primarily to a higher incidence among males of lymphomas and acute
lympohoblastic leukemia. In the 15–20 years of age group, females have a higher
incidence of cancer than males. Further, the annual incidence (per million popu-
lation) of childhood and adolescent cancers differs by race: Caucasian (161.7),
black (124.6), Hispanic (145.6), Asian/Pacific Islander (136.8), and Native
American (79.6).

Observations during the past several decades have identified a modest, but
consistent, increase in the incidence of childhood cancers. Secular trends have
varied with specific categories, but the most consistent increases have been seen
in acute leukemia and tumors of the central nervious system.

The survival rate for childhood and adolescent cancer has increased dra-
matically during the past three decades. Currently, more than 70% of individuals
diagnosed with cancer before age 15 will survive five or more years from diag-
nosis, with the majority being cured of their original malignancy. With these
improvements in treatment and survival, it is estimated that approximately 1 in
every 900 individuals in the United States between the age of 15 and 45 is now a
survivor of childhood cancer. These survivors are, however, at increased risk for
long-term complications of their initial cancer and subsequent therapy. Late se-
quelae of childhood cancer can include an increased risk of second and subse-
quent malignancies, as well as serious organ dysfunction and psychosocial ef-
fects. As more patients survive and the length of follow-up grows, patterns of
second and subsequent malignancies are being identified in survivors, including
increased rates of breast cancer, thyroid malignancies, CNS tumors, and leuke-
mia.

CANCER TREATMENT BASED ON IMMUNE STIMULATION

Steven Rosenberg, M.D., Ph.D.

Tumor infiltrating lymphocytes (TILs) obtained from patients with mela-
noma have been used to clone the genes encoding the antigens recognized by
these TILs. TILs have been identified that can recognize unique cancer antigens
on murine and human cancers including melanoma, breast cancer, colon cancer,
and lymphoma. The major histocompatibility complex MHC restricted recogni-
tion of human cancer antigens was detected by assaying panels of human leuko-
cyte antigen (HLA)-typed target cells and by transfection into target cells of
genes encoding the appropriate HLA specificities. In clinical trials of TILs ad-
ministration, 36% of patients with metastatic melanoma underwent objective
cancer remission. TILs trafficked to and accumulated in cancer deposits.
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GENETIC SUSCEPTIBILITY TO LUNG CANCER4

Margaret R. Spitz, M.D.

Less than 20% of long-term smokers develop lung cancer by age 75. Geneti-
cally determined factors that abrogate the effects of environmental carcinogens
may explain differences in susceptibility. The challenge in quantitative risk as-
sessment is to account for this interindividual variation in susceptibility to car-
cinogens. Evidence of familial aggregation of lung cancer provides indirect sup-
port for the role of genetic predisposition to lung cancer. These patterns of
inheritance studies suggest that a small proportion of lung cancer is due to “lung
cancer genes” that are probably of low frequency, but high penetrance. However,
the study of low-penetrance, high-frequency genes is likely to be more useful in
elucidating the causal pathways for the vast majority of lung cancers.

Lung cancer risk is dependent on the dose of tobacco carcinogens, which in
turn is modulated by genetic polymorphisms in the enzymes responsible for
carcinogen activation (e.g., myeloperoxidase) and detoxification (e.g., glu-
tathione s-transferases), as well as by the efficiency of the host cells in monitor-
ing and repairing tobacco carcinogen DNA damage. Individuals with susceptible
genotypes (or adverse phenotypes) tend to develop lung cancer at earlier ages
and with lower levels of tobacco exposure. On the other hand, the genetic com-
ponent in risk tends to be lower at high dose levels, when environmental influ-
ences overpower genetic predisposition.

We have applied phenotypic assays to measure DNA repair capacity (DRC)
by means of the in vitro host cell reactivation assay using plasmids damaged
with benzo[a]pyrene. DRC was significantly lower in cases than controls, lower
in women compared to men, and lower in younger compared to older cases.
There was a statistically significant trend for increasing risk with decreasing
DRC and an odds ratio (OR) of 2.54 (P < 0.05) for lung cancer in the least
efficient repair stratum. The mutagen sensitivity assay, in which in vitro mu-
tagen-induced breaks are quantitated as a measure of carcinogen sensitivity, has
also been identified as a significant risk factor for lung cancer. Mutagens used
are bleomycin and benzo[a]pyrene. Higher risk estimates are evident for current
compared to former smokers and lighter smokers (less than one pack per day)
compared to heavier smokers. There was a dose–response relationship with ad-
justed ORs for increasing quartiles of induced chromatid breaks for both
bleomycin sensitivity and benzo[a]pyrene sensitivity (trend P < 0.0001). On
stratified analyses, the risk for both adverse phenotypes (suboptimal DRC and
mutagen sensitivity) was fivefold.

4Supported by National Cancer Institute grants CA55769 (to M.R.S.) and CA 68437 (to W.K.H.).
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Genotype–phenotype and diet–gene interactions are also being studied in-
tensively. For example, while the GSTM1 null genotype was not an apparent
independent risk factor for lung cancer, in the presence of low isothiocyanate
intake, the OR for the GSTM1 null genotype was 2.33. There was no increased
risk in any stratum for former smokers.

It is most likely that multiple susceptibility factors must be accounted for to
represent the true dimensions of gene–environment interactions. In the near fu-
ture, microarray technology will facilitate the performance of large-scale, low-
cost genotyping. The ethical, educational, social, and informatics considerations
that will result are challenging. However, the ability to identify smokers with the
highest risks of developing cancer has substantial preventive implications for
intensive screening and smoking cessation interventions and for enrollment into
chemoprevention trials.

ENVIRONMENT AND BREAST CANCER

Mary S. Wolff, Ph.D.

Wide variations are seen in the incidence of breast cancer, both internation-
ally and nationally among ethnic groups. In the United States, Hispanic women
have lower rates of breast cancer than black and white women, and lower rates
than Japanese Americans but higher than other women of Asian ancestry. Genet-
ics, diet, and reproductive factors do not explain all of the differences. Indeed,
women with inherited genetic predisposition may never suffer from breast can-
cer, just as not all smokers get lung cancer. Environmental exposures have been
implicated, but few specific agents are strongly related to breast cancer. How-
ever, individuals respond differently to exposures in terms of their innate ability
to metabolize chemicals. Therefore, diet, lifestyle, and adverse exposures must
collaborate with susceptibility factors to incur risk for breast cancer.

Breast cancer etiology is complex because tumorigenesis can arise from a
combination of many different mechanisms over a very long time. Because breast
cancer risk is strongly associated with reproductive hormones, any role for envi-
ronmental exposures must act in concert with endogenous hormones. Environ-
ment, genes, and hormones must work together at specific end points—extend-
ing from perinatal mammary cell development, to onset of puberty, through
birth, lactation, and menopause—following the course of tumor progression and,
after diagnosis, prognosis for recurrence.

In this age of generally low exposures, relative risks for main effects are
low, and many environmental exposures and genetic variants alone are not strong
risk factors for breast cancer. Combinations of exposures may obscure expo-
sure–disease relationships. Crucial exposures as well as critical reproductive end
points may have happened years before a tumor is found. The second generation
of studies will address whether complex genetic factors, hormonal milieu, or
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dietary intakes alter environmental risk factors. Such effects may be responsible
for differences in breast cancer among racial and ethnic groups who may have
risks related to genetic polymorphisms and excessive exposures.

PRIORITIES AND SPECIAL POPULATIONS: TIES THAT BIND

Armin Weinberg, Ph.D.

It becomes clear as we examine charts and data on health such as the those
in Healthy People 2000 that socioeconomic status (SES) plays a role in cancer
and many other health care issues. Individuals and groups with a higher SES (1)
can obtain better housing, (2) can live in better neighborhoods, (3) have opportu-
nities to engage in healthy behaviors, (4) have better access to health care, and
(5) can more readily participate in clinical trials. Thus, in order to understand
clinical data as it relates to gene–environment interactions, we need to include
analysis of the communities and SES.

Studies today use descriptive phrases such as “special populations,” “prior-
ity populations,” and “vulnerable populations.” These terms are used extensively
in research and discussions, but there is a great diversity of opinion as to their
definition. As we continue to use these phrases in our communities, research will
have to refine the definitions to better describe—not label—these groups. Addi-
tionally, they will have to provide a certain degree of flexibility to accommodate
the subgroups that emerge.

More than 2,500 individuals immigrate to the United States each day—a
trend that complicates gene–environment research. Many of these individuals
are from Latin America and Mexico, as well as other countries throughout the
world. As we start to include these foreign-born residents in our studies, we must
pay attention to the fact that these individuals are mostly young and have had
different exposures in their country of origin at a time when they were most
vulnerable. Additionally, migratory patterns have shifted in the United States as
individuals from different countries or regions of a country immigrate distinctly
to geographic regions in the United States.

The NCI’s national special population networks have been formed to con-
sider factors related to these and other issues. The steering committee for one
network Radas En Acum, which has research sites in California, Illinois, New
York, Florida, and Texas, was formed to help establish both a research agenda
and research priorities. In addition to the genetics and the gene–environment
issues, language and health literacy will require special attention. As we try to
close the gap in enrollment in clinical trials, these other issues will become more
important. We will have to be sensitive to cultural differences in these communi-
ties and ensure that material is available in many languages. Further, as we talk
to communities about gene–environment interactions, we must communicate
what this means, what we want, and what we hope to learn.
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5Sources of definitions include Dorland’s Illustrated Medical Dictionary (Philadelphia: W.B. Saun-
ders Co., 2000), The On-line Medical Dictionary (http://www.graylab.ac.uk), The Biology Teaching
Organisation’s On-line Glossary of Genetic Terms (http://helios.bto.ed.ac.uk/bto/glossary), and Lung-
Cancer Option.com Glossary (http://www.lungcanceroption.com/glossary)

Appendix A

Glossary5

Adduct. Addition of new chemical structure into DNA.

Adenocarcinoma. Cancer that begins in cells that line certain internal organs.

Adenoma. A noncancerous epithelial tumor.

Adenomatous. Pertaining to adenoma.

Allelotype. The protein product (or the result of its activity) of an allele that may
be detected as an antigen in another member of the same species.(e.g., histo-
compatibility antigens, immunoglobulins), obeying the rules of simple Men-
delian inheritance.

Aneuploidy. Any deviation from an exact multiple of the haploid number of
chromosomes, whether fewer (hypoploidy, as in Turner’s syndrome) or more
(hyperploidy, as in Down’s syndrome).

Angiosarcoma. A type of cancer that begins in the lining of blood vessels.

Antigen. A molecule whose shape triggers the production of antibodies (immu-
noglobulins) that will bind to the antigen. A foreign substance capable of
triggering an immune response in an organism.

Apoptosis. A normal series of events in a cell that lead to its death.

Biomarker. A biological molecule used as a marker for the substance or process
of interest.

BRCA1 gene. A gene located on chromosome 17 that normally helps to sup-
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press cell growth. Inheriting an altered version of BRCA1 predisposes an
individual to breast, ovarian, or prostate cancer.

BRCA2 gene. A breast cancer gene located on chromosome 13.

Carcinogen. Any substance that causes cancer.

Carcinoma. Cancer that begins in the skin or in tissues that line or cover internal
organs.

Codon. A section of DNA (three nucleotide pairs in length) or RNA (three
nucleotides in length) that codes for a single amino acid. A sequence of
three RNA or DNA nucleotides that specifies (codes for) either an amino
acid or the termination of translation.

DNA methylation. Modification of a DNA molecule by the addition of a methyl
group.

Environment. The sum total of all the conditions and elements that make up the
surroundings and influence the development and actions of an individual.

Epigenetic. Altering the activity of genes without changing their structure.

Ewing’s sarcoma. A highly malignant, metastasizing, primitive small round cell
tumor of bone, usually occurring in the diaphyses of long bones, ribs, and
flat bones of children or adolescents.

Familial adenomatous polyposis (FAP). Multiple adenomatous polyps with
high malignant potential, lining the mucous membrane of the intestine, par-
ticularly the colon, beginning at about puberty.

Genome. The total set of genes carried by an individual or cell.

Genotype. The specific allelic composition of a cell—either of the entire cell or,
more commonly, of a certain gene or set of genes. The genes that an organ-
ism possesses.

Hemangioma. An extremely common benign tumor, occurring most commonly
in infancy and childhood, made up of newly formed blood vessels and re-
sulting from malformation of angioblastic tissue of fetal life.

Hepatocellular carcinoma. A type of adenocarcinoma, the most common type
of liver tumor.

Immunocompetence. The ability or capacity to develop an immune response
(i.e., antibody production and/or cell-mediated immunity) following expo-
sure to an antigen.

Li–Fraumeni syndrome. Li–Fraumeni syndrome (LFS) is an inherited form of
cancer, affecting children and young adults and characterized by a wide
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spectrum of tumors, including soft-tissue and bone sarcomas, brain tumors,
adenocortical tumors and premenopausal breast cancers.

Low-penetrance gene. A gene that produces a low incidence of a trait.

Modifier gene. A nonallelic gene that controls or changes the manifestation of a
gene by interfering with its transcription.

Neoplasia. Abnormal and uncontrolled cell growth.

Neoplasm. A new growth of benign or malignant tissue.

Non-Hodgkin’s lymphoma. A heterogeneous group of malignant lymphomas,
whose only common feature is being an absence of the giant Reed–Stern-
berg cells characteristic of Hodgkin’s disease.

Non-small cell lung cancer (NSCLC). A group of lung cancers that includes
squamous cell carcinoma, adenocarcinoma, and large cell carcinoma.

Osteogenic sarcoma. A malignant primary neoplasm of bone composed of a
malignant connective tissue stroma with evidence of malignant, osteoid,
bone, or cartilage formation. Also called osteosarcoma.

Osteoma. A benign, slow-growing tumor composed of well-differentiated,
densely sclerotic, compact bone, usually arising in bones, particularly the
skull and facial bones.

Phytonutrient. A plant-derived nutrient.

Polyp. A growth that protrudes from a mucous membrane.

Proliferation. The reproduction or multiplication of similar forms, especially of
cells and morbid cysts.

Proto-oncogene. A normal cellular gene that, with alteration, such as mutation,
DNA rearrangement, or nearby insertion of viral DNA, becomes an active
oncogene; most proto-oncogenes are believed to function normally in cell
growth and differentiation.

Renal adenocarcinoma. Cancer that develops in the lining of the renal tubules,
which filter the blood and produce urine.

Rhabdomyosarcoma. A malignant tumor of muscle tissue.

Sarcoma. A cancer of the bone, cartilage, fat, muscle, blood vessels, or other
connective or supportive tissue.

Small cell lung cancer (SCLC). A type of lung cancer in which the cells appear
small and round when viewed under the microscope, also called oat cell
lung cancer.
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Sqamous cell carcinoma. Carcinoma developed from squamous epithelium,
having cuboid cells and characterized by keratinization and often by preser-
vation of intercellular bridges. Initially local and superficial, the lesion may
later invade and metastasize.

Syndrome. A set of signs or a series of events occurring together that often point
to a single disease or condition as the cause.

Wilms’ tumor. A rapidly developing malignant mixed tumor of the kidneys,
made up of embryonal elements; it usually affects children before the fifth
year but may occur in the fetus and rarely in later life.
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Appendix B

Workshop Agenda

CANCER AND THE ENVIRONMENT:
GENE–ENVIRONMENT INTERACTIONS

Sponsored by

The Roundtable on Environmental Health Sciences, Research, and Medicine

———————

National Academy of Sciences Auditorium.
2101 Constitution Avenue, N.W., Washington, D.C.

May 16–17, 2001

Wednesday, May 16, 2001

8:30 a.m. Welcome and Opening Remarks
The Honorable Paul G. Rogers (Roundtable Chair)

8:40 a.m. Remarks from the IOM President
Kenneth Shine, M.D.

8:55 a.m. Remarks and Charge to Participants
Samuel Wilson, M.D.
Deputy Director, NIEHS

9:10 a.m. Statement of Workshop Objectives
Franklin Mirer, Ph.D. (Workshop Co-chair)

9:20 a.m. Cancer, the Environment, and the Media
Mr. Samuel Donaldson (ABC News)
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SESSION I: LINK BETWEEN ENVIRONMENTAL FACTORS AND
THE DEVELOPMENT OF CANCER

Moderator: Woodie Kessel, M.D., M.P.H.

9:50 a.m. Genes and the Environment in Cancer Etiology
Joseph Fraumeni, Jr., M.D. (NCI)

10:30 a.m. Diet and Other Environmental Factors as Modifiers of Cancer
Risk
John Milner, Ph.D. (Pennsylvania State University and NCI)

11:10 a.m. Break

11:25 a.m. Genetic Epidemiology as a Tool for Gene–Environment
Interactions
Kari Hemminki, M.D., Ph.D. (Karolinska Institute)

12:05 a.m. The p53 Pathway: At the Crossroads of Molecular Carcinogenesis
and Molecular Epidemiology
Curtis C. Harris, M.D. (NCI)

12:45 p.m. General Discussion

1:00 p.m. Lunch

SESSION II: GENETIC–ENVIRONMENTAL INTERACTION IN
SPECIAL POPULATIONS

Moderator: Lovell A. Jones, Ph.D.

Vulnerable Populations

1:45 p.m. Health Disparities: Do Gene–Environment Interactions Play a
Role?
Lovell A. Jones, Ph.D. (M.D. Anderson Cancer Center)

2:05 p.m. Cancer Disparities in Appalachia
Gilbert Friedell, M.D. (Markey Cancer Center)

2:20 p.m. Migrant Farmworkers’ Children and Pesticides: A High-Risk
Population
María A. Hernández-Valero, Dr.P.H. (M.D. Anderson Cancer
Center)
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2:35 p.m. Priorities and Special Populations: Ties That Bind
Armin Weinberg, Ph.D. (Baylor College of Medicine)

2:50 p.m. General Discussion

3:05 p.m. Break

Cancer in Children

3:20 p.m. Childhood Cancer and Diet: Preliminary Evidence
Greta Bunin, Ph.D. (Children’s Hospital of Philadelphia)

3:35 p.m. Trends: Incidents and Survivorship
Leslie Robison, Ph.D. (University of Minnesota)

3:50 p.m. Chemicals and Chromosomes, Children and Cancer, Clusters and
Cohorts in a New Century
Richard Jackson, M.D., M.P.H. (CDC)

4:10 p.m. General Discussion

Women and Cancer

4:25 p.m. Epidemiology and Genetic Susceptibility to Breast Cancer
Brian Henderson, M.D. (University of Southern California, Keck
School of Medicine)

4:40 p.m. Gene-Environment Risk Factors for Breast Cancer
Mary Wolff, Ph.D. (Derald H. Ruttenberg Cancer Center, Mount
Sinai School of Medicine)

4:55 p.m. Breast Cancer Genetics: BRCA1 and BRCA2 Genes
Olufunmilayo Olopade, M.D. (The University of Chicago, Pritzk-
er School of Medicine)

5:10 p.m. General Discussion

5:30 p.m. Reception

Thursday, May 17, 2001

8:30 a.m. Welcome Back
The Honorable Paul G. Rogers, Roundtable Chair
Special Address
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8:35 a.m. Cancer Treatment Based on Immune Stimulation
Steven Rosenberg, M.D., Ph.D. (NCI)

SESSION III: GENETIC–ENVIRONMENTAL INTERACTION IN
SPECIFIC CANCERS

Moderator: John Minna, M.D.

Lung Cancer

9:30 a.m. Molecular Pathogenesis of Lung Cancer
John Minna, M.D. (University of Texas Southwestern Medical
Center)

9: 50 a.m. Genetic Susceptibility to Lung Cancer
Margaret Spitz, M.D., M.P.H. (M.D. Anderson Cancer Center)

10:10 a.m. General Discussion

10:30 a.m. Break

Colon Cancer

10:50 a.m. Environmental and Genetic Factors Involved in Colorectal
Carcinogenesis
Raymond DuBois, M.D., Ph.D. (Vanderbilt University—Ingram
Cancer Center)

11:10 a.m. Environmental Issues Related to Colon Cancer
David Alberts, M.D. (Arizona Cancer Center)

11:30 a.m. General Discussion

Prostate Cancer

11:50 a.m. Similarities of Prostate and Breast Cancer: Evolution, Diet, and
Estrogens
Donald Coffey, Ph.D. (Johns Hopkins University)

12:10 a.m. The Effect of Herbal Therapies in Prostate Cancer
Robert S. DiPaola, M.D. (Cancer Institute of New Jersey)

12:30 p.m. General Discussion
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12:50 p.m. Lunch

SESSION IV: MOVING FORWARD

Moderator: Samuel Wilson, M.D.

1:30 p.m. Introduction and Remarks
The Honorable Paul G. Rogers, J.D.

2:00 p.m. Cancer and the Environment: A View from “the Hill”
The Honorable John E. Porter, J.D.

Roundtable Summation and General Discussion

2:30 p.m. Summation of the Workshop
Lovell A. Jones, Ph.D.
Roundtable Member

2:45 p.m. Roundtable Discussion
Discussion of the workshop and future needs of cancer research

Ms. Susan Braun
President and CEO
Susan G. Komen Breast Cancer Foundation

Donald Coffey, Ph.D.
Johns Hopkins University

Ms. Linda Frame, R.N., M.S., ACON
Senior Clinical Advisor
Susan G. Komen Breast Cancer Foundation

Lovell A. Jones, Ph.D.
Professor, Gynecologic Oncology
M.D. Anderson Cancer Center

Martha Linet, M.D., M.P.H.
National Cancer Institute

David Ringer, Ph.D., M.P.H.
Scientific Program Director
American Cancer Society

4:00 p.m. Adjournment
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Appendix C

Speakers and Panelists

David S. Alberts, M.D.
Professor of Medicine Pharmacology

and Public Health
Arizona Cancer Center

Susan Braun
President and CEO
Susan G. Komen Breast Cancer

Foundation

Greta Bunin, Ph.D.
Research Associate Professor of

Pediatrics
University of Pennsylvania School of

Medicine and Children’s Hospital
of Philadelphia

Donald S. Coffey, Ph.D.
Professor of Urology, Oncology,

Pathology, and Pharmacology and
Molecular Sciences

Johns Hopkins University School of
Medicine

Robert DiPaola, M.D.
Associate Professor of Medicine and

Executive Director of the Dean and
Betty Gallo Prostate Cancer
Institute of New Jersey

Sam Donaldson
ABC News Anchor
ABC PrimeTime Live

Raymond DuBois, M.D., Ph.D.
Associate Director
Vanderbilt-Ingram Cancer Center for

Cancer Prevention
Director of Gastroenterology,

Hepatology and Nutrition
Vanderbilt University Medical Center

Linda Frame, R.N., M.S., AOCN
Senior Clinical Advisor
Susan G. Komen Breast Cancer

Foundation

Joseph Fraumeni, M.D.
Director of the Division of Cancer

Epidemiology and Genetics
National Cancer Institute

Gilbert H. Friedell, M.D.
Director Emeritus
Markey Cancer Center
Professor of Pathology Emeritus
University of Kentucky in Lexington
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Curt Harris, M.D.
Chief
Laboratory of Human Carcinogenesis
National Cancer Institute
Clinical Professor of Medicine and

Oncology
Georgetown University School of

Medicine

Kari Hemminki, M.D., Ph.D.
Professor of Epidemiology
Karolinska Institute, Department of

Biosciences at Novum Huddinge
Sweden

Brian E. Henderson, M.D.
Professor of Preventive Medicine
University of South California
Keck School of Medicine, Los

Angeles
California

María A.Hernández-Valero,
Dr.P.H.

Postdoctoral Fellow
Department of Gynecologic Oncology
Division of Surgery
University of Texas
M.D. Anderson Cancer Center
Houston, Texas

Richard Jackson, M.D., M.P.H.
Director
National Center for Environmental

Health
Centers for Disease Control and

Prevention

Lovell Jones, Ph.D.
Professor, Gynecologic Oncology
M.D. Anderson Cancer Center
University of Texas

Woodie Kessel, M.D., M.P.H.
Senior Child Health Science Advisor
Department of Health and Human

Services

Martha S. Linet, M.D., M.P.H.
Chief
Population Studies Section, Radiation

Epidemiology Branch
National Cancer Institute

John Milner, Ph.D.
Professor
Department of Nutrition
Director of the Graduate Program in

Nutrition
University of Pennsylvania

John Minna, M.D.
Professor of Internal Medicine and

Pharmacology
Director, Hamon Center for

Therapeutic Oncology Research
University of Texas
Southwestern Medical Center

Olufunmilayo Olopade, M.D.
Director, Center for Clinical Cancer

Genetics
Pritzker School of Medicine
University of Chicago

The Honorable John Porter
Partner
Hogan & Hartson

David Ringer, Ph.D., M.P.H.
Scientific Program Director
American Cancer Society
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Leslie Robison, Ph.D.
Professor of Pediatrics
University of Minnesota
Division of Pediatric Epidemiology

The Honorable Paul Rogers
Partner
Hogan & Hartson

Steven Rosenberg, M.D., Ph.D.
Chief of Surgery
National Cancer Institute

Margaret R. Spitz, M.D., M.P.H.
Professor, Chair, Epidemiology
University of Texas
M.D. Anderson Cancer Center

Armin Weinberg, Ph.D.
Professor of Medicine
Baylor College of Medicine

Mary Wolff, Ph.D.
Professor
Mount Sinai School of Medicine
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Workshop Participants

Christian Abnet
National Cancer Institute

Nicole African
Research Assistant
Georgetown University Lombardi

Cancer Center

Karim Ahmed
Director, International Programs
National Council for Science and the

Environment

Julie Albertus
National Institutes of Health

Linda Anderson
Director of Communications
Epidemiology and Genetics Research

Program
National Cancer Institute
National Institutes of Health

Yutaka Aoki
Graduate Student
Johns Hopkins School of Public

Health

Martin Apple
President
Council of Scientific Society

Presidents

Mahboob Atique
Epidemiologist
Maryland Department of Health and

Mental Hygiene

John Balbus
Associate Professor
George Washington University
School of Public Health

Donald Barnes
Staff Director
Scientific Advisory Board

Ervind Bhogte
CRTA-2 Fellow
National Cancer Institute
National Institutes of Health

Laura Bonetta
Freelance Writer
BioMedNet News
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